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EDITORIAL 


Nudge, not sludge 


or some, the world is becoming increasingly com- 
plicated in that there are ever greater responsibil- 
ities, from selecting health insurance to figuring 
out how much to save for retirement. Ten years 
ago, my friend (and Harvard law professor) Cass 
Sunstein and I published a book called Nudge: 
Improving Decisions About Health, Wealth, and 
Happiness that offered a simple idea. By improving 
the environment in which 
people choose—what we 
call the “choice architec- 
ture’—they can make wiser 
choices without restricting 
any options. The Global 
Positioning System (GPS) 
technology on smartphones 
is an example. You decide 
where you want to go, the 
app offers possible routes, 
and you are free to decline 
the advice if you decide to 
take a detour. Sunstein and 
I stressed that the goal of a 
conscientious choice archi- 
tect is to help people make 
better choices “as judged 
by themselves.” But what 
about activities that are es- 
sentially nudging for evil? 
This “sludge” just mucks “ 
things up and makes wise 
decision-making and proso- 
cial activity more difficult. 

Helpful nudges abound— 
good signage, text remind- 
ers of appointments, and thoughtfully chosen default 
options are all nudges. For example, by automatically 
enrolling people into retirement savings plans from 
which they can easily opt out, people who always meant 
to join a plan but never got around to it will have more 
comfortable retirements. 

Yet, the same techniques for nudging can be used 
for less benevolent purposes. Take the enterprise of 
marketing goods and services. Firms may encourage 
buyers in order to maximize profits rather than to im- 
prove the buyers’ welfare (think of financier Bernie 
Madoff who defrauded thousands of investors). A com- 
mon example is when firms offer a rebate to customers 
who buy a product, but then require them to mail in 
a form, a copy of the receipt, the SKU bar code on the 
packaging, and so forth. These companies are only of- 


.. the goal...is to help people 
make better choices ‘as judged 
by th emse lv es. ” through sludge, as the state 


fering the illusion of a rebate to the many people like 
me who never get around to claiming it. Because of 
such thick sludge, redemption rates for rebates tend 
to be low, yet the lure of the rebate still can stimulate 
sales—call it “buy bait.” 

Public sector sludge also comes in many forms. 
For example, in the United States, there is a program 
called the earned income tax credit that is intended to 
encourage work and trans- 
fer income to the working 
poor. The Internal Revenue 
Service has all the informa- 
tion necessary to make ad- 
justments for credit claims 
by any eligible taxpayer 
who files a tax return. But 
instead, the rules require 
people to fill out a form 
that many eligible taxpay- 
ers fail to complete, thus 
depriving themselves of the 
subsidy that Congress in- 
tended they receive. 

Similarly, one of the most 
important rights of citizens 
is the ability to vote. In- 
creased voter participation 
can be nudged by automati- 
cally registering anyone 
who applies for a driver’s 
license. But voter participa- 
tion can also be decreased 


of Ohio has recently done, 

by purging from its list of 
eligible voters those who have not voted recently and 
who have not responded to a postcard prompt. Defend- 
ers of such sludge claim that it serves as a protection 
against voter fraud, despite the fact that people who in- 
tentionally vote illegally are rare. 

So, sludge can take two forms. It can discourage be- 
havior that is in a person’s best interest such as claiming 
a rebate or tax credit, and it can encourage self-defeat- 
ing behavior such as investing in a deal that is too good 
to be true. 

Let’s continue to encourage everyone to nudge for 
good, but let’s also urge those in both the public and 
private sectors to engage in sludge cleanup campaigns. 
Less sludge will make the world a better place. 


-Richard H. Thaler 
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ASTROPHYSICS 


Speedy star supports theory of relativity 


Artist’s impression of the star S2 passing close to the black hole at the center of the Milky Way. 


onfirming Albert Einstein’s explanation of gravity in a unique 

test, astronomers have tracked a single star whipping around 

the supermassive black hole at the center of our galaxy at 3% of 

the speed of light. At the star’s closest approach to the black hole, 

its light was stretched by the intense gravity in a relativistic ef- 

fect called gravitational redshift. Made with Europe’s Very Large 
Telescope in Chile, the observations conflict with Newtonian laws but 
are in precise synchrony with Einstein’s general relativity, the research- 
ers reported last week in the July issue of Astronomy & Astrophysics. 
The star, named S82, has a highly elliptical orbit that takes it within 
20 billion kilometers, or 17 light-hours, of the black hole—closer than 
any other known star. During its last close approach, in 2002, tele- 
scopes were not precise enough to make the necessary measurements. 
The research team at the Max Planck Institute for Extraterrestrial 
Physics in Garching, Germany, hopes to make further confirmations 
of relativity in coming years as the star moves farther from the black 
hole and their instruments improve. 
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Height, in kilometers, of the boundary between Earth's atmosphere 
and space, according to a new estimate to appear in Acta 
Astronautica. The decrease from the widely accepted 100 kilometers 
could affect rules for commercial spaceflight and the military. 


Scope’s delay imperils next one 


RESEARCH FUNDING | Projected cost 
increases in the James Webb Space 
Telescope (JWST) could delay NASA’s next 
large space-based observatory, the Wide 
Field Infrared Survey Telescope (WFIRST), 
NASA Administrator Jim Bridenstine sug- 
gested in testimony to Congress on 25 July. 
Following an independent review, NASA 
announced in June that the JWST launch 
would be delayed from May 2020 to March 
2021, leading to $800 million in extra costs 
over the $8 billion cap set by Congress in 
2011. In congressional hearings to debate the 
extra spending, Bridenstine suggested some 
of the needed funds could come from delay- 
ing WFIRST, scheduled to launch in 2025. 
WFIRST, targeting dark energy and exoplan- 
ets, is a priority for astronomers but has less 
support among politicians: President Donald 
Trump’s administration wants to kill it, 

and a House of Representatives proposal 
would reduce its budget in 2019. Only 

the Senate has offered enough 2019 funding 
to keep it on schedule. 


French research head withdraws 


SCIENCE AGENCIES | A noisy debate about 
alleged conflicts of interest has led Yves 
Lévy, the chief executive of France’s key 
biomedical research agency, to abandon 
his quest for a second 4-year term. Lévy, 
60, took the helm of the €900 million 
INSERM in Paris in 2014; he has pushed 
research in genomic medicine, emerging 
diseases, and antimicrobial resistance 
while recruiting more young scientists. 
But in 2017, President Emmanuel Macron 
appointed Lévy’s wife, Agnés Buzyn, to 
be health minister, a position in which 
she would share oversight of INSERM 
with the research minister. A government 
decree temporarily transferred INSERM- 
related matters to the prime minister’s 
office, but that didn’t satisfy critics of the 
power couple, especially after Lévy’s term 
ended last month and he announced his 
candidacy for a second one. He reversed 
course in a letter to INSERM staff on 

30 July. Seven other candidates 

remain; Lévy will continue to serve 

as interim leader until a successor 

has been chosen. 
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Reproducibility project shrinks 


BIOMEDICINE | An ambitious project that 
set out nearly 5 years ago to replicate 

50 high-impact cancer biology papers now 
expects to complete experiments from just 
18 of them, leaders said last week. The 
Reproducibility Project: Cancer Biology 
(RP:CB) began in October 2013, but 
because of rising costs and other problems, 
managers at the Center for Open Science 
in Charlottesville, Virginia, whittled the list 
of papers to 29 by January 2017. In the past 
few months, they decided to abort 

11 ongoing replications. The RP:CB team 
has already published its findings about 

10 studies, and the bottom line was mixed: 
Five were mostly repeatable, three were 
inconclusive, and two studies couldn’t be 
replicated, although the original findings 
have been confirmed by other labs. Since 
the RP:CB project began, many of the 
original 50 papers have been confirmed by 
other groups. 


Contested health journal shut 


PUBLISHING | U.K.-based publisher 
Taylor & Francis says it will close a public 
health journal whose entire editorial 
board resigned in protest last November 
over various management decisions. The 
International Journal of Occupational 
and Environmental Health IJOEH), 
which published independent safety 
studies on chemicals found in consumer 
products, had named a new editor-in- 
chief, whom its members viewed as too 
close to industry. In a statement first 
reported 27 July by the blog Retraction 
Watch, Taylor & Francis said the editor, 
Andrew Maier, had stepped down because 
of “increased commitments elsewhere.” 
The company concluded it could not 
carry out JJOEH’s development plans 

but will continue to publish other public 
health journals. JJOEH will shut down by 
December, although some former mem- 
bers of its editorial plan are looking for a 
way to keep it going. 


Promising HIV ‘cure’ fails 


DRUG DEVELOPMENT | An antibody that 
helped “cure” monkeys of infection by 
simian immunodeficiency virus (SIV) 
failed to live up to its promise in a human 
study of 18 HIV-infected people, research- 
ers reported last week at the International 
AIDS Conference in Amsterdam. The 
monoclonal antibody blocks a receptor, 
called «487, that is found on immune 
cells and makes them more susceptible to 
HIV infection. Two years ago, researchers 
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Awoman with 
Alzheimer’s 
disease looks at 
an old photo. 


Alzheimer’s drug buoys hopes 


fter a string of recent clinical trial disappointments for potential Alzheimer’s dis- 

ease treatments, an experimental drug called BAN2401 drew attention last week 

for promising, but preliminary, results presented at the Alzheimer’s Association 

International Conference in Chicago, Illinois. The therapy, developed by Biogen 

Inc. in Cambridge, Massachusetts, and Eisai Co. Ltd. in Tokyo, is an antibody that 
binds to and helps clear out a protein fragment called B-amyloid, which builds up in the 
brain and is thought to drive the disease’s neurodegeneration. The statistically com- 
plex phase II trial in 856 people with an early form of Alzheimer’s failed to show benefit 
after 12 months by the measure the drug's sponsors selected as the trial’s primary 
endpoint. But after 18 months, the 161 patients getting the highest of five doses had 
reduced brain amyloid buildup, and their cognitive skills declined 30% more slowly 
than those of patients getting a placebo, Eisai announced. But only that small group 
showed a statistically significant benefit, and researchers decided midstudy to remove 
people with an Alzheimer’s-promoting gene variant from that group—leading many in 
the field to await a larger trial to confirm any disease-slowing effects. 


wrote in Science that after they gave the 
antibody to monkeys who were receiv- 

ing antiretroviral (ARV) drugs to control 
their SIV infections, the animals no longer 
needed the drugs to keep the virus in 
check (Science, 14 October 2016, p. 157). 
But in HIV-infected humans, the antibody 
—which is on the market to treat Crohn 
disease and ulcerative colitis—had no such 
power: When they stopped taking ARVs, 
the virus in almost each case quickly came 
roaring back. 


Alis an ace at lip reading 


COMPUTER SCIENCE | Researchers have 
developed a new artificial intelligence 
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(AI) program that can read lips with a 
word error rate of 41%, a large improve- 
ment over the previous state of the 

art technology that had an error rate 

of 77%. (Professional lip readers in the 
same study had an error rate of 93%. 
The researchers used a form of AI called 
machine learning in which computers 
learn from data, in this case nearly 
4000 hours of videos of people talk- 

ing and transcripts of what they said. 
DeepMind, a company in London, 
published the findings last month on the 
website arXiv. Similar software might 
one day be installed on a phone, allowing 
the hard of hearing to “translate” spoken 
words into text. 
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Researchers welcome Trump’s 
pick to head science office 


Kelvin Droegemeier is steeped in Washington science policy 


By Science News Staff 


he long wait for a White House sci- 

ence adviser is over. This week, Presi- 

dent Donald Trump announced he 

intends to nominate meteorologist 

Kelvin Droegemeier, a university ad- 

ministrator and former vice-chair of 
the governing board of the National Science 
Foundation (NSF), to be director of the 
White House Office of Science and Technol- 
ogy Policy (OSTP). The OSTP director tra- 
ditionally, but not always, holds the title of 
the president’s science adviser. 

The move caps a search process of record- 
setting length—nearly 560 days, double the 
time taken by other modern presidents to 
name an OSTP director. Many researchers 
had lamented the delay. But the wait may 
have been worth it: Droegemeier, 59, is a 
respected veteran of the Washington, D.C., 
policymaking scene and is getting positive 
reviews from science and university groups. 

“He’s a very good pick. ... He has expe- 
rience speaking science to power,” says en- 
vironmental policy expert John Holdren, 
who served as science adviser under for- 
mer President Barack Obama and is now at 
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Harvard University. “I expect he’ll be ener- 
getic in defending the R&D budget and cli- 
mate change research in particular.” 

Maria Zuber, a planetary geophysicist 
and vice president for research at the Mas- 
sachusetts Institute of Technology in Cam- 
bridge, agrees that Droegemeier will stand 
up for climate science. “He always has. I see 
no reason why he wouldn’t now.’ But she 
says his style is not confrontational. “He’s 
a good old boy. He wears cowboy boots. ... 
He’s a personable guy.” She adds that “he’s 
got solid conservative credentials,’ noting 
that his web page is emblazoned with “God 
Bless America!!!” 

Droegemeier, who has served on the fac- 
ulty of The University of Oklahoma in Nor- 
man for 33 years and been the school’s vice 
president for research since 2009, has long 
been rumored to be in the running for the 
OSTP job, which entails advising the presi- 
dent on technical issues and overseeing 
coordination of federal science policy. He 
is no stranger to Washington, D.C.; then- 
President George W. Bush named him to 
the National Science Board, which oversees 
NSF, in 2004, and Obama reappointed him 
in 2011. He has also served as a formal and 
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Kelvin Droegemeier has served as The University of 
Oklahoma’s vice president for research since 2009. 


informal adviser to federal and state poli- 
ticians. Recently, he helped craft federal 
legislation aimed at bolstering weather fore- 
casting that Congress passed last year with 
bipartisan support, and he advised former 
Oklahoma Representative Jim Bridenstine 
(R), now the administrator of NASA. Those 
connections likely helped bring Droegemei- 
er’s name to Trump’s attention. 

As a researcher, Droegemeier focused on 
numerical weather forecasting, including 
thunderstorm dynamics. He helped found 
and lead two NSF-funded centers focused 
on storm prediction and atmospheric moni- 
toring. “His command of both science and 
policy issues is nearly unmatched in the 
community,’ says Roger Wakimoto, vice 
chancellor for research at the University of 
California, Los Angeles, and president of the 
American Meteorological Society in Boston. 

If confirmed by the Senate, Droegemeier 
will take the helm of an office that has been 
buffeted by change. Under Obama, OSTP’s 
staff grew to some 135 people, and it was 
active in shaping budget and policy plans, 
particularly in the climate change arena. 
Under Trump, OSTP’s staff plummeted to 
about 35 last year, but has since grown to 
about 60 under the leadership of its de facto 
head, OSTP Deputy Chief Technology Offi- 
cer Michael Kratsios. 

Holdren says Droegemeier has “a big 
challenge ahead of him. ... I look forward 
to seeing what he’s able to accomplish in 
a very challenging circumstance.” Trump 
has a reputation for ignoring expert advice. 
But “it could well be that [Droegemeier is] 
thinking: ‘Here’s a chance to make a small 
difference and to at least be a small voice of 
reason,” says Rick Anthes, president emeri- 
tus of the University Corporation for Atmo- 
spheric Research in Boulder, Colorado. 

One of Droegemeier’s first tasks, Holdren 
says, will be to develop strong working rela- 
tionships the other senior White House staff, 
including the head of the Office of Manage- 
ment and Budget, which oversees the annual 
budget request to Congress. Holdren be- 
lieves Trump’s budget requests, which have 
called for large cuts in some science agen- 
cies, “reflect that weakness of not having a 
senior scientist engaged as an equal in that 
process.” Another task, Holdren says, will be 
“rebuilding the science part” of OSTP, which 
has emphasized technology and workforce 
issues under Trump. 

Mostly, researchers are relieved that sci- 
ence will finally have some voice in the White 
House. “I wish it had happened a lot earlier,” 
Holdren says. “But on the other hand, many 
of us weren’t sure it would ever happen.” 
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GENE EDITING 


EU verdict on CRISPR crops dismays scientists 


Decision to tightly regulate gene-edited plants is a blow to biotech and science, critics say 


By Kai Kupferschmidt 


ast week, plant physiologist Stefan 
Jansson of Umea University in Sweden 
emailed the Swedish Board of Agricul- 
ture a question about the gene-edited 
cabbage plant blooming in his back- 
yard. In a landmark ruling on 25 July, 
the Court of Justice of the European Union 
in Luxembourg had decided that gene- 
edited plants should go through the same 
extensive regulatory process as earlier gen- 
erations of genetically modified organisms 
(GMOs). Had Jansson’s cabbage, produced 
in a colleague’s lab, suddenly become illicit? 
The first response was an automated 
email saying agency staff were on holiday 
and would get back to him in August. “Then 
I got an email back saying: ‘OK, we need to 
consider this carefully,” Jansson says. 
Similar scenes were playing out else- 
where in the European Union last week. 
Caught off guard by the midsummer deci- 
sion, regulatory authorities in the United 
Kingdom and Belgium were faced with the 


question of what to do with field trials al- 
ready approved and underway. But the 
verdict’s impact will go far beyond current 
trials. Many researchers say it will have a 
chilling effect on plant biotech. Long skepti- 
cal of such technologies, Europe has largely 
shunned transgenic crops; now, it is set to 
lose out on another technological revolu- 
tion, those researchers say. The decision 
could also hamper basic science and might 
impede international trade. “We’re not yet 
able to gauge the full scope of its ramifica- 
tions,” says Detlef Bartsch, who leads the 
Department of Genetic Engineering at Ger- 
many’s Federal Office of Consumer Protec- 
tion and Food Safety in Berlin. 

The ruling determines how EU countries 
should deal with the products of revolu- 
tionary gene-editing techniques such as 
CRISPR. Unlike traditional genetic modifi- 
cation, in which entire genes are transferred 
from one species to the next, gene editing 
allows scientists to make very precise and 
subtle genetic changes. In the European 
Union, traditional GMOs are regulated by a 


A European court ruled that gene-edited plants should be regulated just like traditional transgenic crops. 
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2001 directive that requires an assessment 
of risks to health and the environment be- 
fore the crops can be released, as well as 
elaborate labeling, tracking, and monitoring. 
The directive exempts some techniques, in- 
cluding mutagenesis—the use of chemicals 
or radiation to create mutations for plant 
breeding—that “have a long safety record.” 

Scientists had argued that gene-edited 
plants should also be exempted because 
their creation more closely resembles mu- 
tagenesis, and the French government took 
the same position, sparing gene-edited 
crops from the strict rules of the 2001 direc- 
tive. Environmental groups challenged that 
decision in 2014, arguing that gene-edited 
crops carry the same health and environ- 
mental risks as other GMOs and should be 
treated equally. France’s Council of State 
asked the Court of Justice for guidance. 

The court decided that CRISPR and 
other gene-editing tools should not fall un- 
der the exemption because they “alter the 
genetic material of an organism in a way 
that does not occur naturally.” It agreed 
the new techniques could be 
no less risky than traditional 
genetic engineering. 

Some nongovernmental or- 
ganizations (NGOs) called the 
decision a victory. “I think it 
would have been way too drastic 
to completely exempt all these 
techniques from the legisla- 
tion,” says Nina Holland from 
Corporate Europe Observatory, 
a Brussels-based watchdog. “It 
would have left large holes in 
environmental and consumer 
protection.” But scientists were 
dismayed. “I find the decision 
depressing, a huge step back- 
wards,” says Johnathan Napier, 
a plant biotechnologist at Ro- 
thamsted Research, a nonprofit 
agricultural research center in 
Harpenden, U.K. Gene editing 
promises a cheaper, easier route 
to create crops with new traits, 
but the court decision will make 
it prohibitively expensive to 
bring those crops to the market, 
he predicts, so companies will 
bow out, just as they have done 
with traditional GMOs. “It is go- 
ing to do exactly the opposite 
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of what the European Commission is trying 
to do, which is to try and have impact and 
translatable research.” 

The U.S. government, which has allowed 
some gene-edited plants on the market with 
no regulation, voiced its displeasure as well. 
“Government policies should encourage 
scientific innovation without creating un- 
necessary barriers or unjustifiably stigma- 
tizing new technologies,” U.S. Secretary of 
Agriculture Sonny Perdue said in a written 
statement that called the 2001 regulations 
“regressive and outdated.” But the deci- 
sion could benefit U.S. science if European 
researchers decide to seek a more welcom- 
ing home for their studies, Napier says. “It 
just means that we are going to export good 
ideas and good people to go and work in 
more favorable territories.” 

Napier is one of the scientists whose work 
is now in limbo. At Rothamsted, he has been 
growing Camelina, an oil- 
seed crop, edited to lack an 
enzyme that converts oleic 
acid into linoleic acid. It’s 
a possible step in the cre- 
ation of plants that churn 
out omega-3 fatty acids, 
which have human health 
benefits. Created by French 
scientists, the plants were 
growing at Rothamsted because the U.K. 
Department for Environment, Food and 
Rural Affairs (DEFRA) had given field tri- 
als a green light. Now, “We’re sort of sitting 
and waiting for DEFRA to provide advice,” 
Napier says. (Whether the United Kingdom 
might become more welcoming to gene edit- 
ing after Brexit remains to be seen; the U.K. 
government’s most recent position paper 
makes the case for complete alignment with 
the European Union in agriculture.) 

Scientists say the ruling may be impos- 
sible to enforce because it is hard to dis- 
tinguish gene-edited plants from their 
natural counterparts. Techniques like 
CRISPR leave few traces in the genome 
of an edited plant; a small deletion may 
be impossible to pick out amid numerous 
natural changes, Jansson says. (The whole 
genes spliced into the genome of classi- 
cal GMOs, by contrast, are easy to spot.) 
Jansson, for one, refuses to say what gene 
was deleted in his cabbage: “If I don’t tell 
you, you cannot find out,” he says. 

This may not always hold true, however. 
Camelina is a hexaploid species, meaning 
there are six copies of each gene; having the 
same change in all six—something highly 
unlikely to occur in nature—would be a 
sign of gene editing, Napier says. In fact, 
Holland predicts the need to enforce the de- 
cision will spur research into new ways to 
detect gene editing. 


436 3 AUGUST 2018 + VOL 361 ISSUE 6401 


“I find the decision 
depressing, a huge 
step backwards.” 


Johnathan Napier, 
Rothamsted Research 


Basic plant science may suffer, however. 
Detlef Weigel, director at the Max Planck 
Institute for Developmental Biology in 
Tubingen, Germany, is studying how vari- 
ous genetic changes can help plants adapt to 
climate change—and he needs to grow them 
outside, he says. “Again and again we have 
seen that there are big differences between 
the results we get in a greenhouse and in a 
field, even if we use the same earth and sprin- 
kle the plants with rainwater.’ Weigel tested 
some edited plants in a field in Sweden this 
year. “Luckily we harvested the plants a few 
weeks ago,” because the cumbersome permit- 
ting process will now make such research im- 
practical, he says. “If we want to test a single 
mutant in the field, it will cost us about €500 
to create that plant, and then about €250,000 
to get the permit to grow it in a field.” 

Joyce Tait, who directs the Institute 
for Innovation Generation in the Life Sci- 
ences at The University of 
Edinburgh, says she un- 
derstands scientists’ frus- 
tration. “But I also feel the 
current gene-editing tech- 
nology does enable you to 
make changes that are so 
significant that to claim 
‘this must be safe because 
it is natural’ is stretch- 
ing the evidence-based risk analysis,’ she 
says. She thinks Europe’s regulatory system 
should focus on evaluating the risks of indi- 
vidual plants rather than the method that 
produced them. “If Europe sticks with the 
current system and the way it has operated 
the past 20, 30 years, I think it will become 
increasingly separated from the rest of the 
world,” Tait says. 

But the European ruling could also affect 
the rest of the world, she adds. The Carta- 
gena Protocol on Biosafety, a supplement 
to the Convention on Biological Diversity, 
details when countries can ban certain ag- 
ricultural imports for safety reasons. The 
European Union, a signatory to the pro- 
tocol, has so far argued against including 
gene editing. “That could change now,’ 
Tait says, opening the way for countries 
around the world, including in Europe, to 
block imports of gene-edited crops. “It will 
certainly not make the trade between Eu- 
rope and other parts of the world easier,” 
Bartsch says. 

Another question is whether Europe’s 
conservative approach will reverberate in 
developing countries. “A lot of these coun- 
tries have a much more positive inclination 
to these new technologies, because there 
are so many potential benefits,” Tait says. 
“But there is a strong campaign by NGOs 
to stop this next generation of technology 
from taking off in agriculture.” 
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HUMAN EVOLUTION 


Did kindness 
prime our 
species for 
language? 


Animal studies suggest 


tameness was key to 
language evolution 


By Michael Erard, in Toru7i, Poland, 
and Catherine Matacic 


f you want a no-fuss, no-muss pet, con- 

sider the Bengalese finch. Dubbed the 

society finch for its friendliness, breeders 

often use it to foster unrelated chicks. But 

put the piebald songbird next to its wild 

ancestor, the white-rumped munia, and 
you can both see and hear the differences: 
The aggressive munia tends to be darker and 
whistles a scratchy, off-kilter tune, whereas 
the pet finch warbles a melody so complex 
that even nonmusicians may wonder how 
this caged bird learned to sing. 

All this makes the domesticated and wild 
birds a perfect natural experiment to help 
explore an upstart proposal about human 
evolution: that the building blocks of lan- 
guage are a byproduct of brain alterations 
that arose when natural selection favored 
cooperation among early humans. Accord- 
ing to this hypothesis, skills such as learn- 
ing complex calls, combining vocalizations, 
and simply knowing when another creature 
wants to communicate all came about as a 
consequence of pro-social traits like kind- 
ness. If so, domesticated animals, which are 
bred to be good-natured, might exhibit such 
communication skills too. 

The idea is rooted in a much older one: 
that humans tamed themselves. This self- 
domestication hypothesis, which got its 
start with Charles Darwin, says that when 
early humans started to prefer coopera- 
tive friends and mates to aggressive ones, 
they essentially domesticated themselves 
(Science, 24 October 2014, p. 405). Along 
with tameness came evolutionary changes 
seen in other domesticated mammals— 
smoother brows, shorter faces, and more 
feminized features—thanks in part to lower 
levels of circulating androgens (such as tes- 
tosterone) that tend to promote aggression. 

Higher levels of neurohormones such as 
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serotonin were also part of the domestica- 
tion package. Such pro-social hormones 
help us infer others’ mental states, learn 
through joint attention, and even link objects 
and labels—all prerequisites for language, 
says developmental psychologist Michael 
Tomasello of Duke University in Durham, 
North Carolina, who studies social cognition. 

In recent papers and at Evolang, a bi- 
annual conference on language evolution 
held here this spring, researchers turned to 
birds, foxes, and bonobos to help understand 
how domestication may have paved the way 
for language. Constantina Theofanopoulou, a 
neuroscientist at the University of Barcelona 
in Spain who convened the Evolang work- 
shop, calls it the “most promising” working 
hypothesis to account for the thorny prob- 
lem of language evolution, because it “puts 
together evidence from different levels of 
biological analysis: the anatomical, the 
brain, the endocrine system, and behavior.” 

In his talk at Evolang, ornithologist Kazuo 
Okanoya of the Riken Center for Brain Sci- 
ence in Wako, Japan, focused on the munia 
and the Bengalese finch, which people do- 
mesticated some 250 years ago. Both birds 
are vocal learners, a rare trait that lets them 
pick up calls from adult tutors—as do par- 
rots, hummingbirds, and humans. But their 
songs are wildly different, as Okanoya dem- 
onstrated by whistling examples of each. 

He then presented data 
quantifying what the au- 
dience had heard: Munia 
songs tend to be shorter, 
simpler, and full of unme- 
lodic segments of acoustic 
“noise,” compared with 
the longer, louder finch 
songs, which contain peeps, 
chirps, and segments that 
often repeat and recombine 
in improvisational ways. 

Okanoya says the dif- 
ferences likely arose from 
domestication, in particu- 
lar the finches’ relatively 
stress-free environment. 
He’s shown that the finches have lower fe- 
cal levels of corticosterone—a hormone that 
boosts aggressiveness and blunts cognitive 
functioning in birds—than the munia. In his 
talk, Okanoya reported that high corticos- 
terone levels inhibit the growth of neurons 
in the birds’ song-learning system, which is 
larger in the finches than in the munia. 

Thus, Okanoya hypothesizes, selection for 
tameness and gregariousness by pet owners 
boosted the finches’ capacity for complex 
song. And because attention-getting songs 
help advertise fitness to females, the males 
best at learning and singing would be most 
likely to pass their genes on to the next 
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The wild munia tends to be less 
social than the Bengalese finch, and 
its song is simpler. 
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generation, sparking further complexity. 

If early humans somehow developed 
their own lower-stress “domesticated” 
environment—perhaps as a result of easier 
access to food—it could have fostered more 
cooperation and reduced aggression, spec- 
ulates evolutionary linguist Simon Kirby, 
writing with James Thomas, both of The 
University of Edinburgh, in a recent paper 
in Biology & Philosophy. As with the finch, 
a mellow environment may have allowed 
for an expanded role for learning, includ- 
ing in language acquisition. 

Kirby and Thomas point out another 
analog for humans: do- 
mesticated foxes. In a fa- 
mous experiment, Russian 
geneticist Dmitry Belyaev 
and colleagues selected 
for tameness among cap- 
tured Siberian silver foxes 
starting in the 1950s. If a 
wild fox did not attack a 
human hand placed into 
its cage, it was bred. Over 
50 generations, the foxes 
came to look like other 
domesticated species, with 
shorter faces, curly tails, 
and lighter coloring— 
traits that have since been 
linked to shifts in prenatal hormones. 

Unlike their wild counterparts, tame 
foxes came to understand the importance 
of human pointing and gazing, Thomas 
and Kirby note. That ability to “mind read” 
is key to language. Thus, even though the 
foxes don’t vocalize in complex ways, they 
show that selection only for tameness can 
carry communication skills in its wake. 

At Evolang, other researchers zeroed in on 
bonobos, great apes that show some signs of 
self-domestication, including low levels of ag- 
gression and sensitivity to the gaze of others. 
According to Zanna Clay, a primatologist at 
Durham University in the United Kingdom, 
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The society finch loves to socialize with other birds, and sings a complex, melodic song. 


bonobos also display a building block of early 
language: Instead of sticking to a fixed reper- 
toire of “inherited” calls, they can improvise. 
Clay and her colleagues have assembled 
hundreds of recordings from 18 bonobos 
in the wild and in zoos, showing that indi- 
viduals combine set types of calls in distinct 
ways for different situations. She hypoth- 
esizes that self-domestication may have 
helped shape this communicative flexibility. 
Stronger proof may come from genetic 
studies. Theofanopoulou and her team 
recently scoured the scientific literature 
for genes that differ between wild and do- 
mesticated species—cats, dogs, horses, and 
cattle—and that also show signs of being 
selected in the domesticated animals. The 
team did the same for modern humans 
and what they considered our nearest wild 
stand-ins, Neanderthals and Denisovans. 
Then, the researchers looked for genes 
that may have evolved in the same way 
in more than one wild-domesticated pair. 
There were more than three dozen, many 
linked to brain plasticity, learning, and the 
development of the nervous system, the 
team reported late last year in PLOS ONE. 
Some, such as the gene for a receptor for 
the neurotransmitter glutamate, are linked 
to processes that could shape a language- 
ready brain. But there’s no clear path yet 
from these genes to their function—or to 
the sweeping changes linked to domestica- 
tion, cautions Antonio Benitez-Burraco, a 
linguist at the University of Seville in Spain. 
Tomasello also cautions against trying to 
explain human language solely from ani- 
mal models. “I think humans were selected 
to actually collaborate,” not just to get rid 
of aggression, he says. “[That] fundamen- 
tally cooperative motive ... is a precursor to 
uniquely human communication.” & 


Michael Erard is a writer-in-residence at 
the Max Planck Institute for Psycholinguis- 
tics in Nijmegen, the Netherlands. 
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INFECTIOUS DISEASES 


‘Ending AIDS’ movement falters worldwide 


But studies confirm treatment can slow infections in entire communities 


By Jon Cohen, in Amsterdam 


he ambitious campaign to “end AIDS” 

by 2030 is badly off track, officials 

said at the International AIDS Con- 

ference here last week. Funding for 

efforts to slow the spread of HIV by 

treating all infected people has flat- 
lined, and many countries, for a host of 
reasons, can’t or won’t mount aggressive 
responses. “We will not be able to meet the 
prevention goal,” said Michel Sidibé, direc- 
tor of the Joint United Nations Programme 
on HIV/AIDS (UNAIDS) in Geneva, Switzer- 
land. “We have a prevention crisis.” 

The news is especially poignant given 
that other studies presented at the meeting 
underscored the power of testing and treat- 
ing entire communities to dramatically slow 
HIV’s spread. The “incredible successes” in a 


Scarce successes 


If the 90-90-90 target is hit, 73% of infected adults will have undetectable levels of HIV in their blood. Of 10 countries that 
have received substantial funding from the U.S. President's Emergency Plan for AIDS Relief, only two have reached the goal. 


the world seems unlikely to reduce new in- 
fections to 500,000 by 2020, the UNAIDS 
benchmark, Sidibé said at the meeting. 

Several factors contribute to the lacklus- 
ter performance. UNAIDS says domestic 
and international HIV funding—$20.6 bil- 
lion in low- and middle-income countries in 
2017—is 20% short of the 2020 benchmark, 
and there were “no new significant commit- 
ments” from donors last year. Stigma and 
discrimination remain obstacles to testing 
and treatment, and prevention efforts such 
as condom promotion and pre-exposure 
prophylaxis have received short shrift. 

A commission of 40 leading HIV/AIDS 
researchers contends that the end AIDS 
campaign itself may have contributed to the 
problem. In the 28 July issue of The Lancet, 
the group, co-chaired by Beyrer, wrote, the 
“prevailing discourse on ending AIDS has 


The bars indicate percent with undetectable HIV; eSwatini is the former Swaziland. 


TEE 


Cameroon Céte d'Ivoire 
2018 


Lesotho 
2016 


Malawi 
2016 


eSwatini 
2017 


Namibia 
2018 2016 
few countries “really show you what can be 
done with resources, focus, and partnership,” 
said Chris Beyrer, an epidemiologist at the 
Johns Hopkins University Bloomberg School 
of Public Health in Baltimore, Maryland. 

In 2015, UNAIDS set a goal to “end AIDS 
as a public health threat” by 2030. The cam- 
paign rests on a mathematical model that 
says the epidemic will peter out if enough 
people keep the virus in check. To pull 
it off, by 2020, at least 90% of the nearly 
37 million people in the world living with 
HIV must know their status, 90% of them 
must start treatment, and 90% of treated 
people must stay on the medication and 
keep the virus fully suppressed. 

To date, few countries have achieved 90- 
90-90; worldwide, 21.7 million people are 
now receiving treatment, well short of the 
number required to meet the 2030 goal. 
With 1.8 million new infections last year, 
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bred a dangerous complacency and may have 
hastened the weakening of global resolve to 
combat HIV.’ In particular, the report high- 
lights what it calls an “overwhelming em- 
phasis on HIV treatment” that has led to 
“chronic underfunding of HIV prevention.” 
Some prominent researchers have ques- 
tioned whether 90-90-90 will lead to the 
hoped-for drops in new infections (Science, 
1 July 2016, p. 18). But the strategy can work, 
and Namibia reported the most compelling 
data yet of its power. A southern African 
country with 2.3 million people and 12% HIV 
prevalence, Namibia exceeded the 90-90-90 
target, reported Minister of Health and So- 
cial Services Bernard Haufiku, and new in- 
fection rates in the past 2 years have dropped 
by 40%. Namibia provides “clear evidence” 
that 90-90-90 works, said Deborah Birx, who 
heads the U.S. President’s Emergency Plan 
for AIDS Relief (PEPFAR) in Washington, 
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D.C., a major donor to the country. Unfortu- 
nately, Birx says, some other PEPFAR “focus 
countries” have fallen short of the mark (see 
graph, below), which ultimately calls for vi- 
ral suppression in 73% of infected people. 
(Multiply 90% times three.) 

Neighboring Botswana, another major 
PEPFAR recipient, also has solid evidence 
that large-scale viral suppression curbs 
spread. In one of the largest studies to evalu- 
ate treatment as prevention, the Botswana 
Combination Prevention Project compared 
15 communities in which every infected 
person received treatment immediately 
with 15 others where they received treat- 
ment only after there was evidence of im- 
mune damage, the standard of care when 
the study began in 2013. (Botswana began 
to treat everyone in 2016.) Each group had 
more than 4000 infected people, and fewer 
new infections occurred in 
the aggressively treated arm— 
57 versus 90, a 30% drop, 
reported Moeketsi Joseph 
Makhema from the Botswana 
Harvard AIDS Institute Partner- 
ship in Gaborone. 

Another study showed that 
fully suppressing HIV with drugs 
virtually eliminates the risk of 
transmission. Epidemiologist 
Alison Rodger of University Col- 
lege London and colleagues fol- 
lowed 783 gay couples in which 
only one partner was infected 
at the outset. The men reported 76,991 in- 
stances of anal sex without a condom, yet 
only 15 of them became infected. Genome 
analysis of their newly acquired viruses in- 
dicated that in every case, the men had be- 
come infected through sex with someone 
other than the treated partner. If the infected 
partner is on treatment, “You’d have to have 
condomless sex for 419 years to have even 
one transmission,” Rodger said. 

Powerful as treatment is at preventing 
spread, epidemiologist Peter Piot, head of the 
London School of Hygiene & Tropical Medi- 
cine, stressed that it can only work if coun- 
tries and donors meet the huge challenge of 
keeping tens of millions of people on lifelong 
treatment. AIDS won’t truly end until there’s 
a vaccine, he said, and in the meantime the 
epidemic could rebound. “International soli- 
darity and funding will be necessary for de- 
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cades to come. Let’s not fool ourselves.’ 
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HUMAN EVOLUTION 


How islands shrink people 


Evolutionary dwarfing affected living people on the island 
of Flores, and may explain the stature of the extinct hobbit 


By Ann Gibbons 


iving on an island can have strange 

effects. On Cyprus, hippos dwindled 

to the size of sea lions. On Flores in 

Indonesia, extinct elephants weighed 

no more than a large hog, but rats 

grew as big as cats. All are examples of 
the so-called island effect, which holds that 
when food and predators are scarce, big ani- 
mals shrink and little ones grow. But no one 
was sure whether the same rule explains 
the most famous example of dwarfing on 
Flores, the odd extinct hominin called the 
hobbit, which lived 60,000 to 100,000 years 
ago and stood about a meter tall. 

Now, genetic evidence from modern 
pygmies on Flores—who are unrelated to 
the hobbit—confirms that humans, too, 
are subject to so-called is- 
land dwarfing. On p. 511, an 
international team reports 


leagues gathered spit and blood from 32 peo- 
ple and extracted the DNA. Then, Eijkman 
researcher Gludhug Purnomo hand-carried 
samples to Green’s lab, where he helped 
sequence 2.5 million single nucleotide poly- 
morphisms, or alleles, in every individual, 
plus 10 complete genomes. 

The team found no trace of archaic DNA 
that could be from the hobbit. Instead, the 
pygmies were most closely related to other 
East Asians. The DNA suggested that their 
ancestors came to Flores in several waves: 
in the past 50,000 years or so, when modern 
humans first reached Melanesia; and in the 
past 5000 years, when settlers came from 
both East Asia and New Guinea. 

The pygmies’ genomes also reflect an 
environmental shift. They carry an an- 
cient version of a gene that encodes en- 
zymes to break down fatty 
acids in meat and seafood. 
It suggests their ancestors 


6 
that Flores pygmies differ ‘Humans are not underwent a “big shift in 
from their closest relatives as special as we diet” after reaching Flores, 


on New Guinea and in East 


perhaps eating pygmy el- 


Asia in carrying more gene think. This shows ephants or marine foods, 
variants that promote short we evolve like all says population  geneti- 


stature. The genetic dif- 


cist Rasmus Nielsen of UC 


° ” 
ferences testify to recent other animals. Berkeley, who was not part 


evolution—the island rule at 


Serena Tucci, 


of the study. 


work. And they imply that princeton University The pygmies’ genomes are 


the same force gave the hob- 
bit its short stature, the authors say. 

“Flores is a magical place where things 
go and get small,” says population geneti- 
cist Joshua Akey at Princeton University, a 
co-author of the study. “This is the only ex- 
ample in the world where insular dwarfism 
has arisen twice in hominins.” 

Princeton postdoc Serena Tucci set out to 
study the Rampasasa pygmies of Flores, who 
average just 145 centimeters tall. Famed In- 
donesian paleoanthropologist Teuku Jacob, 
now deceased, had controversially proposed 
that the Rampasasa people inherited some 
traits from the hobbit, whom he thought was 
a modern human. To explore the pygmies’ 
ancestry, Tucci and her then-adviser, Ed 
Green of the University of California (UC), 
Santa Cruz, traveled to Flores. With the 
pygmies’ permission, they began a “model” 
collaboration with Indonesian research- 
ers, says molecular biologist and co-author 
Herawati Sudoyo of the Eijkman Institute 
for Molecular Biology in Jakarta. Her col- 
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also rich in alleles that data 
from the UK Biobank have linked to short 
stature. Other East Asians have the same 
height-reducing alleles, but at much lower 
frequencies. This suggests natural selection 
favored existing genes for shortness while 
the pygmies’ ancestors were on Flores. “We 
can’t say for sure that they got shorter on 
Flores, but what makes this convincing is 
theyre comparing the Flores population 
to other East Asian populations of similar 
ancestry,’ says population geneticist Iain 
Mathieson of the University of Pennsylvania. 

The discovery fits with a recent study 
suggesting evolution also favored short 
stature in people on the Andaman Islands, 
Green says. Such selection on islands boosts 
the theory that the hobbit, too, was once a 
taller species, who dwindled in height over 
millennia on Flores. 

“Tf it can happen in hippos, it can happen 
in humans,” Tucci says. “Humans are not as 
special as we think. This shows we evolve 
like all other animals.” 
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EPIDEMIOLOGY 


Staying slim during pregnancy carries a price 


Japanese are shrinking as low birth weight rises; their health may be at risk as well 


By Dennis Normile 


apan’s obsession with slender women 

may harm unborn children and cre- 

ate long-term health problems for the 

Japanese population. Already, a high 

proportion of Japanese women is start- 

ing pregnancy underweight, and many 
scientists have criticized the country’s offi- 
cial guidelines for weight gain during preg- 
nancy as too strict. Now, a survey shows 
many pregnant women strive to keep their 
weight gain below even those targets. 
This combination of factors has led 
to an unusually high percentage of 
low-weight births, which is likely the 
reason that the height of the average 
Japanese adult has declined every 
year for those born after 1980. 

The impact could go far beyond 
height, says perinatal epidemiologist 
Naho Morisaki of Japan’s National Cen- 
ter for Child Health and Development 
in Tokyo, who led the new study. “Japan 
may experience an increased disease 
burden among adults, and there could 
be an impact on longevity,’ she says. 
People born small are more prone to 
diabetes and hypertension, says Peter 
Gluckman, an expert on the develop- 


mental origins of health and disease = 172 


at The University of Auckland in New 
Zealand, who calls the situation “re- 
ally alarming.” “We've tried very hard 
to convince Japan’s authorities” to re- 
vise the weight gain recommendations, 
Gluckman adds. But a spokesperson for 
Japan’s Ministry of Health, Labour and 
Welfare says there are no plans to do so. 

The shortening of the Japanese is 
subtle, but unmistakable. An inter- 
national study published in 2016 found that 
since the late 19th century, the average Japa- 
nese adult male height rose 14.5 centimeters, 
peaking at 171.5 centimeters for those born in 
1978 and 1979. But by the 1996 birth cohort, 
it had dropped to 170.8 centimeters. Over the 
same period, average female height jumped 
16 centimeters, topped out at 158.5 centime- 
ters, then dropped by 0.2 centimeters. Some 
other countries have also experienced height 
declines, which the study variously linked to 
economic privation, an influx of shorter im- 
migrants, or—in the United States—poor diet 
quality, which can impair growth both in the 
fetus and in newborn babies. 


Adult height (centimeters 
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In Japan, experts say the evidence for a 
link with lower birth weights is strong. As 
the country recovered from World War II, the 
percentage of low-birth weight babies—those 
weighing 2.5 kilograms or less at delivery— 
declined from 7.3% in 1951 to 5.5% in 1978- 
79. As babies grew heavier, however, doctors 
worried about preeclampsia, a complication 
that can put the lives of both mother and 
baby at risk. In the late 1970s, some Japanese 
obstetricians suggested a low-calorie diet 
could lower that risk, a view incorporated 


Honey, | shrunk the population 


The frequency of low birth weight in Japan started to rise after 1980; 
average adult height for people born in the years since then has declined. 
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into 1981 guidelines from the Japan Society 
of Obstetrics and Gynecology. “Previously, 
mothers-to-be were told to ‘eat for two’; now, 
the ideal is to ‘give birth small but raise a big 
baby,” says Hideoki Fukuoka, an obstetrician 
at Waseda University in Tokyo. 

Health ministry recommendations | is- 
sued in 1995 also reflected the concerns. The 
ministry adapted guidelines for U.S. women, 
produced by what was then called the U.S. 
Institute of Medicine (IOM), to the smaller 
and lighter Japanese population, but in doing 
so made them considerably stricter. For un- 
derweight women—those with a body mass 
index (BMI) below 18.5—IOM guidelines sug- 
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gest a weight gain of 12.7 to 18.1 kilograms; 
Japan set the range at nine to 12 kilograms. 
Japanese women took the advice to heart, 
and the percentage of low-weight babies rose 
to 9.6% in 2010. That this caused the drop in 
adult height “is entirely credible and fits with 
what we know from [research into] third 
world nutrition,’ Gluckman says. Morisaki 
has now confirmed that the desire to stay 
slim is exacerbating the trend. Today, more 
than 20% of Japanese women in their 20s 
have BMIs of less than 18.5, compared with 
1.9% of U.S. men and women aged 
20 to 39. In a survey of 1681 pregnant 
women, 54% said their ideal gesta- 
tional weight gain was below the 
recommendations, Morisaki’s team 
reports in a paper scheduled to appear 
online this week in Scientific Reports. 
“The image Japanese mothers-to- 
be are striving for is the look of hav- 
ing a basketball in front of them while 
the rest of the body is slim,’ she says. 
The survey found that in addition to a 
quicker recovery of their prepregnancy 
figures, women hope for easier preg- 
nancies and fewer birth complications. 
But follow-up surveys found that lower 
weight gain did not reduce the risk of 
cesarian delivery or lead to faster post- 


Low birth weight (%) 


2 partum weight reduction. And the de- 


cline in birth weights means men born 
in 2014 will on average grow to be just 
170 centimeters tall and women only 
157.9 centimeters, Morisaki’s team pro- 
jected in a previous study. 

Some think the culture is changing. 
The media are paying more attention 
to the problem of low birth weights, 
Fukuoka says, and dieticians and pub- 
lic health groups “are sounding alarms 
over undernourished young women.” “There 
seems to be a trend in the fashion magazines, 
going from thinness to sportiness,’ Morisaki 
adds. The latest government survey shows 
the percentage of underweight women in 
their 20s has dropped slightly since 2013. 

On the other hand, many slender pregnant 
women still post selfies on Instagram and 
share tips on managing weight gain. And 
most Japanese obstetricians are opposed to 
relaxing the weight gain recommendations, 
says Shunji Suzuki, an obstetrician at the 
Japanese Red Cross Katsushika Maternity 
Hospital in Tokyo. Japan’s fascination with 
being thin hasn’t quite run its course. 


Low birth weight (%) 
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gnoring the lessons of mythology, Betsy 
Congdon has spent the first decade of 
her young engineering career on a sin- 
gular quest: to build something that 

will fly dangerously close to the sun. 
On a drizzly day in May at the Johns 
Hopkins University Applied Physics 
Laboratory (APL) in Laurel, Mary- 
land, Congdon crouches next to a foil- 
wrapped test copy of her team’s product: a 
carbon-foam heat shield, a little wider and 
a lot thinner than a king size mattress. An- 
other copy sits nearby, a flight-ready spare 
sealed in a metal drum stamped with an 
unintentionally ironic warning: “Do not ex- 

pose to direct sunlight.” 

The real one has headed south to Kennedy 
Space Center in Florida, where on or soon af- 
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1 to probe its mysterious ai 


By Joshua Sokol 


ter 11 August, it will blast off, fastened to the 
business end of NASA’s Parker Solar Probe. 
Six weeks later, the probe will reach Venus. 
That planet’s gravity will tip the probe to- 
ward the heart of the solar system. Six weeks 
after that, Parker will plunge through the 
sun’s corona, a tenuous atmosphere of hot 
charged particles, or plasma, on the first of 
two dozen flybys between now and 2024. 
During those flybys, the heat shield must 
keep the probe’s fragile electronics safe 
while temperatures on its surface soar up 
to a steel-melting 1370°C. The heat doesn’t 
come from the million-degree plasma in the 
corona itself, which is too thin to transfer 
much energy, but from the sheer glare of 
the sun. Yet Congdon isn’t nervous. “We’ve 
put it through all its paces,” she says, her 
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voice echoing in the cavernous spacecraft 
assembly room. “We’ve put multiples of 
them through all their paces.” 

If all goes well, the spacecraft—safe in 
the shadow of the shield—will beam back 
a record of the corona’s plasma and the 
tangled net of magnetic fields that shape it. 
Those data could solve fundamental mys- 
teries. For example, what heats the plasma 
to more than 200 times the temperature of 
the sun’s surface? And 
how does the solar wind, 
a stream of plasma par- 
ticles, escape into space? 
The solar wind has been 


Jets of hot plasma, 
propelled by a 
bunch of magnetic 
field lines, rise 


from a small a puzzle since solar 
sunspot roughly physicist Eugene Parker, 
the size of China. the probe’s namesake, 
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Turn up the heat Solar wind 
| | a sun’s surface is only 5500°C, whereas the tenuous gases of the corona Weathering the storms 
| can reach temperatures of 1 million degrees Celsius or more. Researchers have Earth’s magnetic field deflects most solar 
proposed two, mechanisms by which magnetic fields could turn kinetic energy wind particles. But intense solar storms can 
...,.... from the sun's roiling surface into coronal heat (Nos. 1 and 2, below). cause problems for satellites and power grids. 

Stirring the field lines Solar Orbiter 
The sun’s surface is a mass of boiling The spacecraft’s inclined 
plasma cells that constantly shake and drag orbit gives it views of 
the magnetic field lines embedded in it. the sun’s poles, where a \ 


faster solar wind emanates \ 
from open magnetic 
field lines. 


Convection . 


: 1 Magnetohydrodynamic waves Solar Orbiter’s 
The boiling plasma can create waves closest pass 
in the open field lines that stretch (02:9 '\0)) 
into space. The wiggling can heat 
nearby plasma particles. 
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A mighty wind 

At a boundary called the Alfvén surface, 
plasma particles in the solar wind escape 
the sun’s gravity. Unknown forces accelerate 
them into the solar system. 


2 Magnetic reconnection 
Looping magnetic fields can become 
tangled. When they snap into a 

‘ stable arrangement, they can trigger 
— Heat flares, heating the corona. 

shield - 


Radiators i 


Parker Solar Probe Mercury average orbit 

Between now and 2024, the spacecraft will (0.395 AU) 

dip into the sun’s corona two dozen times, Ecliptic orbit 
protected from steel-melting temperatures by 

a carbon heat shield. Its most intimate pass will - 


bring it 10 times closer than Mercury. 
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described it in 1958. Understanding it bet- 
ter could help today’s researchers improve 
their forecasts of solar storms, the gusts of 
solar wind that crash into Earth’s magnetic 
field and, at their strongest, knock out satel- 
lites and electrical grids. 

The $1.5 billion Parker isn’t the only 
big upcoming project aimed at the sun. 
On the Hawaiian island of Maui, astrono- 
mers are putting finishing touches on the 
Daniel K. Inouye Solar Telescope (DKIST), a 
$350 million project funded by the U.S. Na- 
tional Science Foundation. With a 4-meter 
mirror, DKIST is more than twice the size of 
the largest existing solar telescopes. It should 
be able to zoom in on the sun’s surface with 
unrivaled sharpness when operations start in 
June 2020. That same year, the Solar Orbiter 
is due to launch, with €780 million in core 
support from the European Space Agency. 
The spacecraft will observe high- 
energy radiation rippling through 
the corona from slightly farther away 
than Parker. 

“T really think these are trans- 
formative missions,” says Howard 
Singer, chief scientist at the Space 
Weather Prediction Center in Boul- 
der, Colorado, part of the National 
Oceanic and Atmospheric Administration 
(NOAA). Singer and his colleagues deliver 
forecasts of solar activity not only for satel- 
lite and grid operators, but also for astro- 
nauts and airlines that fly near the poles, 
where high-energy, tissue-penetrating par- 
ticles more readily slip through Earth’s 
magnetic field. 

If current schedules hold, DKIST and 
the Solar Orbiter will observe the corona 
well before Parker makes its closest solar 
flybys in 2024. That timing should allow 
heliophysicists to mix and match remote 
and in situ data—collected at the same 
moment, no less—enabling them to mea- 
sure changes in the corona while watch- 
ing the sun’s roiling surface for clues to 
the processes that stir and heat it. Earlier 
this year at APL, representatives of the 
three projects met for the first time to 
discuss how they could tackle the corona 
together. “It is absolutely a unique time 
for solar physics,” says Valentin Martinez 
Pillet, director of the National Solar Obser- 
vatory in Boulder, the organization building 
DKIST. “There is combined science that we 
can do that is going to be awesome.” 


PARKER’S JOURNEY to the sun fulfills an 
ambition as old as the U.S. space program 
itself. In 1958, still reeling from the success 
of the Soviet Union’s Sputnik satellite, a 
National Academy of Sciences (NAS) com- 
mittee chaired by early space physicists 
John Simpson and James Van Allen brain- 
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stormed a wish list of missions that, scien- 
tifically, could put the United States in the 
lead in space. One concept was a probe that 
would venture inside Mercury’s orbit to 
taste solar plasma. 

For decades, the idea did not budge from 
the wish list. “We’ve tried it half a dozen 
times,” says Chris St. Cyr, project scientist 
for NASA’s contributions to the Solar Or- 
biter at Goddard Space Flight Center in 
Greenbelt, Maryland. “It never got the po- 
litical will of the science community at the 
same time the funding was available.” 

By the early 2000s, NASA and NAS were 
both pushing a solar probe as a top priority. 
Parker, the eventual result, will come within 
0.04 astronomical units (AU) of the sun. (One 
AU is the average distance between the sun 
and Earth.) That’s 10 times closer than Mer- 
cury’s path and seven times closer than the 


“Tt is absolutely a unique time for solar 
physics. There is combined science that 
we can do that is going to be awesome.” 


Valentin Martinez Pillet, National Solar Observatory 


current record holders, the Helios probes of 
the mid-1970s, built by West Germany and 
NASA. The twin probes spun once per second 
to evenly distribute the sun’s heat. 

Even 0.04 AU represents a compromise 
for Parker. NASA’s previous solar probe con- 
cept, devised in 2005, would have gone at 
least twice as close for one or two flybys. 

But it was expensive. In 2007, NASA 
asked APL managers to cut costs. In re- 
sponse, they changed the mission design, 
backing off from the sun and increasing 
the number of flybys to compensate. They 
also replaced a costly radioisotope genera- 
tor with panels to draw solar power—all 
too abundant in the corona. To prevent 
overheating, Parker hides the panels in 
the shade under the heat shield as it draws 
closest to the sun in its elliptical orbit. The 
probe stretches the panels open to catch 
the sun’s rays when the spacecraft is far- 
ther away, while a pumping system cools 
them with a water bath. 

Then there’s that all-important shield. In 
her office upstairs from the clean room where 
Parker was built, Congdon keeps a suitcase- 
size square of the black material used for test- 
ing. It’s built likeasandwich, with athick filling 
of carbon foam, an airy mesh of carbon mol- 
ecules, sitting between thin sheets of carbon- 
carbon, a material woven from carbon fibers 
that gets stronger, not weaker, when heated 
to a few thousand degrees. Thick pads of 
carbon-carbon adorned the nose and wings 
of NASA’s space shuttles. 
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Congdon picks up the sample and holds it 
out. It’s surprisingly light—the full-size shield 
weighs only as much as a person. At a touch, 
the coarse foam exposed at the edges of the 
sample rubs off like the lead of a soft pen- 
cil. The outside of the real shield has a white 
coating designed to reflect as much heat as 
possible, but on this unpainted sample, parts 
of the surface are darkened, overtoasted. 

Engineers have taken pains to ensure 
the shield never strays from its position be- 
tween Parker and the sun, including when 
radio contact with Earth is cut off as the 
probe disappears behind the sun or when 
the sun’s own radio emission drowns out 
the spacecraft’s. If sensors discover that 
the heat shield has rotated out of position, 
an automated system engages to right the 
craft. “We need to recover within a few min- 
utes before something gets severely dam- 
aged,” says Jim Kinnison, Parker’s 
mission system engineer at APL. 

Ironically, the heat shield is flam- 
mable on Earth in the presence of 
oxygen. One high-temperature test 
took a “terrifying” turn when the 
test chamber’s vacuum seal broke 
and oxygen leaked in, Congdon says. 
“The thing went up in flames.” But 
in the rarefied plasma of the solar corona, 
oxygen is scarce and the few atoms there 
have had their outer electrons torn away 
by bafflingly high temperatures. Parker’s 
science team hopes to figure out why. 


THE SUN’S VISIBLE SURFACE, the photosphere, 
simmers at about 5500°C. Grade school 
physics holds that because the corona 
is farther still from the heat source at 
the sun’s core, temperatures should fall. 
Instead, they soar to more than 1 million 
degrees Celsius. 

Heliophysicists have battled for decades 
over the origin of this extra heat. On the 
broad strokes, at least, they agree. The en- 
ergy probably starts as motion in the photo- 
sphere or just below, where astronomers see 
granules—seething, ever-shifting cells the 
size of Texas. Those are bubbles of convect- 
ing plasma, and they boil like a cauldron, 
carrying tremendous amounts of kinetic 
energy. Scientists also agree that magnetic 
fields transport the energy outward. 

Unlike everyday materials, charged plasma 
responds to magnetism, flowing along field 
lines. The moving particles themselves cre- 
ate electric currents that generate additional 
magnetic fields. Sometimes the fields reach 
up through the surface of the sun and into 
the corona, which could establish a path 
for the granules’ kinetic energy to be trans- 
formed into thermal energy. 

“Beyond that, if we brought in five theo- 
rists, we might get 15 theories,” St. Cyr says. 
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But the proposed pathways of coronal heat- 
ing do fall into two general branches. 

In one, sudden changes in the protrud- 
ing tangle of magnetic field lines pump heat 
into the corona. With both feet planted in 
the photosphere, many of those lines re- 
semble the Gateway Arch of St. Louis, Mis- 
souri. But as the surface churns, the feet 
move around, tangling the lines overhead. 
Stress builds up. When the field lines sud- 
denly snap into a more stable arrangement, 
vast amounts of energy are released into the 
surrounding plasma. 

Missions such as NASA’s orbiting Solar 
Dynamics Observatory have monitored al- 
most second-by-second changes on the sun 
since 2010. They have observed those abrupt 
changes, called magnetic reconnection, and 
shown that they can kick out solar flares. 
The events take place often enough to ac- 
count for some, but not all, of the corona’s 
heat. Theorists have long suspected that 
much smaller “nanoflares” could also pop 
off close to the surface, too small and faint 
to be detected. A million such flares per sec- 
ond, each about as powerful as a 50-megaton 
hydrogen bomb, could fully account for the 
corona’s measured temperature. 

If the corona’s heat does come from 
swarms of undiscovered staccato explo- 
sions, freshly heated pockets of the co- 
rona should reach temperatures as high as 
10 million degrees Celsius before the energy 
can spread around. And in recent years, 
satellites and suborbital rockets, observing 
above Earth’s atmosphere in x-rays and the 
ultraviolet (UV), have spotted emissions 
from coronal plasma at those temperatures, 
adding indirect support to the theory. “It’s 
there. That’s sort of incontrovertible,” says 
Goddard astrophysicist Jim Klimchuk. 

Other theorists envision a different path 
for heat rising from the depths of the sun. 
The motion of the bubbling plasma cells ex- 
cites waves of magnetic energy that course 
outward. In theory, those waves can jangle 
field lines in the corona like ropes in a 
CrossFit gym—especially lines with one 
foot on the sun and the other dangling into 
space. That wiggling heats nearby particles, 
which steal away thermal and kinetic en- 
ergy “like a surfer on the crest of a wave,’ 
says Kelly Korreck, a solar physicist at the 
Smithsonian Astrophysical Observatory in 
Cambridge, Massachusetts. 

The trio of upcoming missions should 
help apportion the corona’s heat budget 
between reconnection and waves, and per- 
haps hint at specific subprocesses such as 
nanoflares, although Korreck sounds a note 
of caution: “There is no one telescope that’s 
definitely going to find the answer.” Parker 
will traverse a path where wave heating 
is expected to dominate. If Parker senses 
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waves, it can check how much energy they 
contribute. And by measuring just-cooked 
plasma close to the sun—say, the gust of hot 
helium atoms unleashed by a nanoflare— 
Parker should also be able to sniff out traces 
of reconnection heating events. 

DKIST and the Solar Orbiter, for their part, 
will add to the picture by studying the area 
beneath Parker’s path. Both observatories— 
DKIST, using infrared light; and the Solar 
Orbiter, using UV and x-rays—will map the 
fleeting, tangled field structures that might 
be sparking nanoflares. 

The Parker probe will also explore the 
mystery that Eugene Parker, now a 91-year- 
old physicist emeritus from 
the University of Chicago in 
Illinois, left for his scientific 
heirs: What drives the gale 
of charged particles expand- 
ing hundreds of kilometers 
per second out into the solar 
system? Low in the corona, 
the solar magnetic field has 
a stiff hold on plasma. Some- 
where above that, the par- 
ticles move fast enough to 
shake free of the sun’s grav- 
ity and escape into the solar 
system. That is “where the 
magic happens, where the 
solar wind is accelerated so 
much that it then takes off,’ 
says Nicola Fox, the probe’s 
project scientist at APL. 
“We'll be in that region.” 

The wind, like the corona, 
seems to defy basic phys- 
ics: It should cool and slow 
down as it begins to spread 
into the solar system. But it 
doesn’t. Something keeps 
driving it outward—perhaps 
the energy emitted by parti- 
cles following spiral paths or 
the dissipation of turbulent 
gusts of plasma. By record- 
ing the small-scale physics of the plasma it 
flies through, Parker will pinpoint where the 
wind takes flight and narrow the possible 
mechanisms that could launch it. “We all 
know the devil is in the details,” Fox says. 


LAST OCTOBER, a sprightly retiree donned a 
hairnet, blue booties, and a lab coat to visit 
APL’s clean room, flanked by mission sci- 
entists. Eugene Parker had come to see his 
namesake, a probe devoted to studying the 
very wind he had described 6 decades ear- 
lier—partly from observations of comet tails 
pointing away from the sun like wind socks. 

The idea was once controversial—two 
reviewers outright rejected Parker’s paper. 
Now, the solar wind sits at the cornerstone 
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of an emerging applied science. Under- 
standing the corona’s behavior on good 
days may prove key to predicting bad ones. 
Whatever physics accelerates the solar wind 
also launches dangerous solar storms. 
Adverse space weather falls into several 
classes. Workaday solar wind would pose 
a health risk only to astronauts traveling 
outside Earth’s protective magnetic field, to 
deep-space locations such as the moon or 
Mars. Solar flares hurl stronger bursts of 
particles and radiation toward Earth that 
can cause problems for satellites and, fun- 
neled by the planet’s magnetic field toward 
the poles, create auroral light shows. The 


rarest and strongest events, called coronal 
mass ejections (CMEs), launch dense blobs 
of particles that can overwhelm Earth’s field 
and cripple communications technology. In 
1967, for example, the U.S. Air Force started 
to prepare for nuclear war after multiple 
early warning radar systems appeared to be 
jammed. The culprit, found in time to fore- 
stall disaster, was a massive CME. 

“When will they occur? How long are 
they going to last? How intense are they 
going to be?” Singer asks. “There are huge 
gaps in understanding how to predict some 
of these phenomena.” 

CMEs come with little warning. The NASA 
and NOAA satellites that track the solar wind 
hover near a stable Earth-sun gravitational 
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point that lies just 1% of the way to the sun. 
At solar wind speeds, a space weather event 
picked up there can reach Earth 15 minutes 
later. So learning to discern warning signs of 
disruptive events right at the sun from data 
from Parker, DKIST, and the Solar Orbiter, 
will lead to better predictions, Singer says. 
DKIST will take a microscope to the same 
magnetic structures that spew flares. The 
Solar Orbiter will measure magnetic fields 
on the far side of the sun and test whether 
monitoring intense fields before they rotate 
into view could improve future predictions. 
And Parker should improve space weather 
models by measuring conditions in the co- 


The Parker Solar Probe’s heat 
shield is lowered into a chamber 
that mimics the vacuum of 
space and the heat of the sun. 


rona as small flares erupt. Team members 
are hoping the probe may be lucky enough 
to dart through a CME. 

But all that is work still ahead. Congdon’s 
own quest is almost over. The heat shield 
sits fastened tightly atop Parker, ready for 
space. She has booked her own ticket to 
Florida for the start of the August launch 
window, not to work on it, but to appreciate 
it as a tourist in a special viewing area for 
APL visitors. So has Eugene Parker, travel- 
ing with close family, who will be feted like 
a VIP. 

“The joy on the scientists’ faces—that’s 
what we're looking for,’ Congdon says. 


Joshua Sokol is a journalist based in Boston. 
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A call for seagrass protection 


Seagrass conservation is crucial for climate mitigation, 
biodiversity protection, and food security 


By Leanne C. Cullen-Unsworth' and 
Richard Unsworth’? 
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eagrasses are marine flowering 
plants that are found along temper- 
ate and tropical coastlines around the 
world. They provide habitat for fish, 
shellfish, and marine herbivores such 
as turtles (see the photo) and dugong 
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and also serve important physical roles—for 
example, by filtering sediments and reduc- 
ing wave and current energies near coasts 
(1). By filtering the water column of patho- 
gens, seagrasses reduce contamination in 
seafood while also reducing coral disease 
(2). Given the global distribution of seagrass 
and its role in climate mitigation and food 
security, the protection of these ecosystems 
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A green turtle (Chelonia mydas) 
feeds on seagrass in the Caribbean 
Sea off the Mexican coast. 


has implications for the planetary boundar- 
ies within which humanity can safely op- 
erate (3, 4). Growing understanding of the 
roles of seagrass shows that their protection 
is crucial for staying within safe planetary 
boundaries and sustaining fisheries produc- 
tivity and food security (see the figure). 
Seagrass meadows are one of the most 
widespread coastal habitats on Earth. They 
are found throughout subarctic to tropical 
latitudes and exist in countries across the 
range of the human development index. 
However, like many of the world’s natural 
habitats, seagrass meadows are in decline, 
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with estimated global losses of ~7% annu- 
ally since 1990 (5). Poor coastal water qual- 
ity and coastal development are among the 
major drivers of the loss (5). 

Seagrasses have received comparatively 
little consideration in conservation and sci- 
entific research (6), but this is beginning 
to change. Coordinated international calls 
for improved protection led by the World 
Seagrass Association and eventually signed 
by hundreds of scientists (7), together with 
advances in research, provide optimism for 
securing a future for seagrass. 

Olsen et al. reported the genetic sequence 
of the most dominant seagrass species in 
the Northern Hemisphere, Zostera marina 
(8). This research showed how genetic ad- 
aptations of this species enabled seagrasses 


prevent rapid uncontrolled climate change. 
The Paris Climate Agreement has opened 
the door for integrating seagrass conser- 
vation programs into climate mitigation 
strategies. Evidence-based conservation de- 
cisions will require a more mechanistic un- 
derstanding of the processes that drive the 
storage or release of this blue carbon. 
Understanding how and why seagrass 
meadows store carbon in their sediments 
is based largely on correlative studies that 
attempt to use environmental or biological 
variables to predict carbon stock location 
and size across the broad range of seagrass 
bioregions (9). This research has, for exam- 
ple, shown how pollutants or disturbance 
can influence the microbial communities 
in seagrass sediments, weakening carbon 


Increasing recognition that seagrasses 
are an important part of the global and lo- 
cal carbon cycles is increasing the need for 
more accurate estimates of global seagrass 
cover. Around 300,000 km? of seagrass 
has been mapped across the globe, but es- 
timates suggest that the actual coverage 
could be more than 10 times greater (71). 

Seagrass meadows are also important eco- 
logically because they support high biodiver- 
sity. The floral diversity in seagrass meadows 
is relatively low, with approximately 72 sea- 
grass species recognized globally, but the 
three-dimensional structure of their shoots, 
roots, and rhizomes attracts a high abun- 
dance and diversity of other organisms. 
Small grazing invertebrates profit from the 
colonization of the large leaf surface area by 


Threats to seagrass meadows 
Seagrass meadows supply a vast suite of ecosystem 
services such as carbon sequestration, fisheries 
support, and coastal protection. They are part of an 
interconnected seascape; degradation of any habitat 
in this seascape has negative consequences for the 
other component habitats. 


Major threats 


1 Habitat destruction, coastal 
development, and aquaculture 
lead to increasing inputs of 
nutrients and other pollutants 
into the sea, threatening coastal 
habitats. 


2 Overfishing threatens 
biodiversity, ecosystem 
resilience, and the food security 
of local people. Anchors and 
moorings result in direct physical 
damage to seagrass meadows. 


to become one of the world’s most produc- 
tive ecosystems. Key to this productivity 
was the ability to source the building blocks 
of photosynthesis in an aquatic saline envi- 
ronment. Thanks to this genome sequence, 
we can understand the reverse evolutionary 
trajectory that allowed angiosperms to live 
in the sea; as terrestrial plants adapted to 
life in the ocean, they developed genes that 
enabled them to take up nutrients and con- 
duct O,/CO, exchange in a saline environ- 
ment through leaf epidermal cells (8). 

The productivity of seagrasses and their 
ability to store carbon in their sediments 
means that they are increasingly considered 
to be a crucial component of the world’s 
carbon stores (5, 6). Seagrass is therefore a 
potentially crucial component of efforts to 
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storage capacity and providing a pathway 
to CO, release (10). Other recent research 
highlights the role of sediment oxidation 
by seagrass root rhizomes, altering abun- 
dances of sulfide-oxidizing bacteria (71). 

Seagrasses may also be key to climate 
mitigation in other ways. Their role as 
productive net primary producers in the 
coastal zone (72) has led to suggestions that 
they provide a local pH buffering effect (13). 
This is due to their rapid uptake of CO,, 
which pushes the carbonate chemistry to- 
ward a less acidic state (13). It remains to 
be shown whether seagrass-driven changes 
in the local carbonate chemistry can reduce 
the negative impacts of ocean acidification 
on other habitats and organisms, such as 
coral reefs (13). 
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Consequences 


3 Local buffering of ocean 
acidification by healthy seagrass 
meadows may help to reduce the 
negative impacts of changing pH 
on nearby calcifying organisms 
such as corals. 


4 Seagrass meadows store large 
amounts of carbon in both the 
plants and the sediments below. 
If their integrity is disturbed, this 
carbon is released. 


5 Seagrass meadows are 
important habitats for marine 
herbivores such as turtles and 
dugong. Loss of these habitats 
threatens the survival of 
these species. 


microalgae and the abundance of plant de- 
tritus. Invertebrates benefit from the oxygen- 
ation of otherwise sulfide-rich sediments. 
This abundance of diverse animal life cre- 
ates a vast feeding resource for numerous 
important fishery species. Seagrass meadows 
form critical nursery habitats for juvenile fish 
for ~20% of the world’s biggest fisheries, in- 
cluding for Atlantic cod and walleye pollock 
(1/4). An abundance of animal life in seagrass 
also creates fishing grounds that are highly 
accessible for fishers all around the world 
and require limited gear to fish. These fisher- 
ies are increasingly recognized as critical to 
the livelihoods of vulnerable people across 
the globe (15). The coastal location of sea- 
grasses, however, also makes them vulner- 
able to land- and sea-derived threats, such 
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as fertilizer runoff and the impacts of anchor 
use by boats, as well as to overexploitation of 
their productive fisheries. 

The widespread threats to seagrasses 
places their long-term viability in doubt. 
But although scientists are documenting 
extensive degradation of seagrass meadows 
and their associated fauna (5), the evolving 
understanding of seagrass ecology also in- 
creases our capacity to conserve seagrass 
ecosystems. The Paris Climate Agreement, 
the Convention on Biological Diversity, the 
Millennium Ecosystem Assessment, and 
other major international agreements such 
as the Convention on Migratory Species 
have helped to drive knowledge acquisition 
and the desire to protect seagrass meadows. 
With the right science and the political and 


“With the right science and 
the political and financial 
will, seagrass meadows 
can thrive and contribute 
to ensuring our planet 
stays within its sustainable 
boundaries.” 


financial will, seagrass meadows can thrive 
and contribute to ensuring our planet stays 
within its sustainable boundaries. But 
maintaining momentum in seagrass sci- 
ence, building on recent advances, and in- 
creasing public awareness is crucial for the 
long-term viability of seagrass systems. © 


REFERENCES 


1. J.L.M. Nordlund, E.W. Koch, E. B. Barbier, J.C. Creed, PLOS 
ONE 11, 0163091 (2016). 

. J.B.Lamb etal., Science 355, 731 (2017). 

. J.Rockstrémetal., Nature 461, 472 (2009). 

. K.L.Nashetal., Nature Ecol. Evol. 1,1625 (2017). 

. M.Waycott et al., Proc. Natl. Acad. U.S.A. 106, 12377 

(2009). 

6. C.M. Duarte, W.C. Dennison, R. J.W. Orth, T. J.B. 
Carruthers, Estuaries Coasts 31,233 (2008). 

7. http:/Awsa.seagrassonline.org/ 
securing-a-future-for-seagrass 

8. J.L.Olsenetal., Nature 530, 331 (2016). 

9. E.F.Belshe, M.A. Mateo, L. Gillis, M. Zimmer, M. Teichberg, 
Front. Mar. Sci. 10.3389/fmars.2017.00125 (2017). 

0. S.M.Trevathan-Tackett, A.C.G. Thomson, P. J. Ralph, P.|. 
Macreadie, Sci. Total Environ. 621,663 (2018). 

1. K.Elgetti Brodersen et al., Environment. Microbiol. 
10.1111/1462-2920.14245 (2018). 

12. C.M. Duarte et al., Global Biogeochem. Cycles 24,GB4032 
(2010). 

3. R.K.F.Unsworth, C. J. Collier, G.M. Henderson, L.J. 
McKenzie, Environ. Res. Lett. 7,024026 (2012). 

14. R.K.F. Unsworth, L.M. Nordlund, L.C. Cullen-Unsworth, 
Conserv. Lett. 10.1111/conl.12566 (2018). 

5. L.M.Nordlund, R. K.F. Unsworth, M. Gullstrom, L.C. 
Cullen-Unsworth, Fish Fisher. 19, 399 (2018). 


oR WP 


10.1126/science.aat7318 


448 3 AUGUST 2018 + VOL 361 ISSUE 6401 


PLANETARY SCIENCE 


A view of the martian south 
polar ice cap was captured by 
the European Space Agency's 
Mars Express spacecraft. 


Liquid water on Mars 


A water body exists below the martian south polar ice cap 


By Anja Diez 


ithout water, no form of life as 

we know it could exist. There is 

therefore great interest in detect- 

ing liquid water on other planets 

of our Solar System. Landforms 

such as dry river valleys and lakes 
show that liquid water must have been 
present on Mars in the past (1). Nowadays, 
small amounts of gaseous water exist in the 
martian atmosphere, and some water ice is 
found on the planet’s surface. Water drop- 
lets were seen condensing onto the Phoenix 
lander (2), and there may be reoccurring 
water activity on slopes during the martian 
summer (3). However, stable bodies of liq- 
uid water have not been found on Mars. On 
page 490 of this issue, Orosei et al. (4) re- 
port an analysis of radar data from the Mars 
Express mission that shows the existence of 
stable liquid water below 1.5 km of ice, close 
to the martian south pole. 

Ice caps similar to those on Earth exist at 
the martian north and south poles, known 
as the North and South Polar Layered De- 
posits (NPLD and SPLD, respectively). More 
than 30 years ago, Clifford hypothesized 
that liquid water might be present below 
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the martian polar ice caps (5). Despite mean 
annual air temperatures of around -60°C, 
lakes exist below Earth’s Antarctic ice sheet 
(6). Glacier ice insulates the bed from the 
cold surface. Thus, temperatures at the base 
of the Antarctic ice sheet, which may be 
as thick as 4.8 km, can reach the pressure 
melting point of water; the melting point 
is reduced owing to the pressure of the ice 
layer above. Water at the ice base reduces 
basal friction, leading to increased flow 
speeds. Finding liquid water below the mar- 
tian ice caps might solve ongoing debates 
about whether the NPLD ice flow is due to 
deformation of the ice, deformation of the 
bed, or gliding over the bed or whether it is 
not flowing at all (7). 

Water below the Antarctic ice sheet has 
been detected and analyzed by using radar 
waves that are transmitted actively above 
the surface. As the electromagnetic radar 
waves pass downward through the ice, they 
are reflected back at the interfaces between 
different materials, such as contacts be- 
tween ice and bedrock, sediment, or liquid 
water (see the figure). Along a flight track, 
measurements are continuously carried out 
to form an image of the subsurface. Such 
a radargram shows reflectors from the 
surface and the base and often multiple 
weaker reflections from within the ice body. 
The radar wave reflection is stronger from 
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a water interface than from a rock or sedi- 
ment interface and therefore shows up as a 
relatively bright reflector in the radargram. 

Orosei et al. now apply this method to data 
from Mars. The Mars Advanced Radar for Sub- 
surface and Ionosphere Sounding (MARSIS) 
instrument on the Mars Express spacecraft 
collected radar measurements over the SPLD. 
Orosei et al. identify a distinct 20-km-wide 
bright reflector on multiple profiles collected 
over 3 years. They rule out a number of pos- 
sible explanations for this bright reflector, 
leaving the existence of liquid water, either 
as a distinct water layer or as saturated sedi- 
ments, as the only explanation. 

It is even colder on Mars than in Antarc- 
tica. Temperatures at the base of the SPLD 
are estimated to be around -68°C (7), and 
thus, pure liquid water could not exist there 
under 1.5 km of ice. However, liquid water 
may still exist because the freezing point of 
water is far lower if large amounts of salts 
are dissolved in the water. Such brine lakes 
have been found on Earth, with salinities of 
up to 200 practical salinity units (psu) in 
the McMurdo Dry Valleys, Antarctica (8). 
There, water remains liquid down to tem- 
peratures of -13°C. For comparison, ocean 
water has a salinity between 32 and 37 psu 
and freezes at about -2°C. 

Salts of sodium, magnesium, and calcium 
have been found on the martian surface 
and can reduce the melting point of water 
to -74°C (7, 9); when in contact with ice, 
the salts can suppress the freezing point 
enough for liquid water to form (7, 10). The 
droplets observed on the Phoenix lander 
and the observed reoccurring water activ- 


ity on slopes were explained by the presence 
of such briny water (5, 70). Briny water can 
also explain Orosei et al’s observation of a 
stable water body below the SPLD. 

In the future, with higher-resolution 
data, smaller liquid water bodies that influ- 
ence the ice flow might be detectable below 
martian ice caps. Like Earth’s ice sheets, 
the martian ice caps are important climate 
archives. Depending on the climate, the ice 
caps grow and shrink as a result of depo- 
sitional and erosional events. This creates 
a unique stratigraphy within the ice caps, 
consisting of layers of equal age that sci- 
entists can analyze to derive information 
about past climate. Changes in ice flow 
owing to water at the base can change the 
appearance of these englacial layers; this 
needs to be considered when reconstructing 
their age. Analyzing these englacial reflec- 
tors, taking the new findings of liquid water 
below the SPLD into account, can therefore 
help unravel the climate history of Mars. & 


REFERENCES 


. V.R. Baker etal., Nature 352,589 (1991). 

. P.H.Smithetal., Science 325, 58 (2009). 

. L.Ojhaetal., Nature Geosci. 8,829 (2015). 

. R.Oroseietal., Science 361, 490 (2018). 

. S.M. Clifford, J. Geophys. Res. 92, 9135 (1987). 

. M.J. Siegert, N.Ross,A.M.Le Brocq, Phil. Trans. R. Soc.A 

374, 20140306 (2016). 

7. D.A.Fisher,M.H. Hecht, S. P. Kounaves, D.C. Catling, J. 
Geophys. Res.115, EOOE12 (2010). 

8. A.E.Murray etal., Proc. Natl. Acad. Sci. U.S.A. 109, 20626 
(2012). 

9. M.H.Hechtetal., Science 325, 64 (2009). 

10. E. Fischer, G.M. Martinez, H.M. Elliott, N.O.Rennd, 

Geophys. Res. Lett. 41, 4456 (2014). 


Aor WMH 


Published online 25 July 2018; 
10.1126/science.aaul829 


Using radar waves to detect water on Mars 

As the Mars Express spacecraft travels over the SPLD, it emits radar waves that travel from the satellite to the ice 
surface, where they are reflected. Part of the wave travels through the ice and is reflected at the bed below the 
ice. The reflections from water are stronger than from bedrock, providing evidence for a water body below the ice. 
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Shouldering 
responsibility 


Leaders do not shy away 


from responsibility when 
others’ welfare is at stake 


By Stephen M. Fleming and Dan Bang 


key element of leadership is the deci- 

sion to shoulder responsibility for the 

welfare of others, whether they are 

one’s family, a political party, or, as 

with heads of state, the entire country. 

In animal groups such as fish shoals 
or bird flocks, leadership may passively re- 
sult from simple coordination principles (/, 
2). By contrast, human leaders often actively 
make decisions on behalf of others. Although 
previous work has identified factors that pre- 
dict those who will end up as leaders (3), it 
remains unclear how leaders decide to shoul- 
der responsibility. On page 467 of this issue, 
Edelson et al. (4) provide further under- 
standing on the psychological and neural 
processes engaged when someone decides to 
lead. They show that such decisions are inti- 
mately linked to our confidence in making 
decisions for others. 

Edelson et al. asked volunteers to decide 
whether to accept or reject a series of risky 
lotteries for points (such as a 60% chance 
of winning 50 points set against a 40% 
chance of losing 30 points) that were con- 
verted to a monetary bonus. These types of 
lottery problems can be used to estimate 
baseline decision-making such as risk and 
loss aversion. Participants were then faced 
with the same lotteries as part of a four- 
person group, whom they had gotten to 
know in a series of team-building games. In 
a clever design, there were two types of sce- 
narios in this phase: Half of the decisions 
only affected the earnings of the partici- 
pant, whereas the other half also affected 
the earnings of the other group members. 
Mimicking a classic leadership dilemma, 
participants had the opportunity to defer 
their decision to the other group members 
instead of taking it on themselves. Perhaps 
because people were reluctant to shoulder 
responsibility, deferral rates were highest 
when decisions had consequences for the 
earnings of others. 
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Before the experiment, the same volun- 
teers completed a questionnaire to mea- 
sure leadership. Furthermore, because the 
study was conducted in Switzerland, where 
military service is mandatory for males, 
the researchers could record the actual 
military rank attained by some of their 
participants—a real-world measure of lead- 
ership experience. Interestingly, none of 
the decision-making indicators obtained in 
the baseline task predicted leadership. Nor 
did the overall tendency to prefer to take 


people will tend to opt-out or defer to others. 
If the threshold becomes more conservative 
when the decision is being made on behalf 
of the group, fewer decisions to lead will be 
taken, despite the subjective value of the 
gamble remaining constant. 

An alternative model is that responsibil- 
ity aversion is driven by how the value of a 
gamble is perceived—for instance, we might 
become more loss averse when the outcome 
of other group members is at stake, mak- 
ing the choice options seem less attractive. 


) 


bd 


Leaders are willing to take on decisions that affect others, even when the evidence is not clear-cut. 


control of whether to accept or reject the 
lottery. Instead, the best predictor was a 
change in the rate of deferring when the de- 
cision had consequences for others—what 
Edelson e¢ al. call “responsibility aversion.” 
Responsibility aversion was the lowest in 
those with the highest leadership scores, 
indicating that leaders did not change their 
behavior, despite the additional responsibil- 
ity for others’ welfare. 

What mechanisms might underpin respon- 
sibility aversion? Recent progress in models 
of perceptual decision-making provide useful 
hints. One idea is that the decision to defer 
to the group is similar to a process of “opt- 
ing out” of a choice when the evidence is not 
sufficiently strong (5, 6). This process can be 
modeled by using signal detection theory (7), 
a framework in which an individual com- 
pares noisy evidence about a stimulus to an 
internal threshold. When there is insufficient 
evidence for either choice option—that is, 
when confidence is low—the model predicts 
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By comparing the fits of different models to 
their data, Edelson et al. found that, while 
the subjective value of gambles did not 
change between self and group scenarios, 
the deferral thresholds did. 

It remains unknown what drives this 
greater demand for certainty when others’ 
welfare is at stake, but several hypotheses 
suggest a rich seam of future work. One 
possibility is that a psychological cost of 
leading directly modulates the thresholds. 
An alternative account is that estimates of 
one’s own ability, known as metacognitive 
beliefs, come into play when others’ wel- 
fare is at stake (8). For instance, individu- 
als might feel less able to make decisions 
for others, which would manifest as a shift 
in deferral thresholds. Relating leadership 
characteristics to other measures of confi- 
dence (such as opt-out behavior) could un- 
cover such relationships. 

Edelson et al. also collected whole-brain 
functional magnetic resonance imaging 
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data during the deferral task. Although ex- 
ploratory, this analysis identified a network 
that helped to predict responsibility aver- 
sion and leadership scores across individu- 
als. In particular, a dynamic causal model 
identified links between medial prefrontal 
cortex—previously shown to encode both 
subjective value and confidence (9)—and 
anterior insula as important regions of the 
brain that mediate leadership decisions. 
In turn, this connectivity was modulated 
by temporal lobe regions commonly impli- 
cated in thinking about others. Future stud- 
ies are now needed to ask how the elements 
of the signal detection model relate to activ- 
ity of the nodes in this network. 

Edelson et al. found that responsibility 
aversion was the best predictor of leader- 
ship scores. But a question of causality 
remains. People with low responsibility 
aversion may be more likely to become 
leaders; alternatively, leaders may have low 
responsibility aversion because they have 
substantial experience making choices on 
behalf of others. More broadly, the authors 
found that responsibility aversion did not 
correlate with the classic “big five” person- 
ality traits such as neuroticism or extraver- 
sion. However, data-driven approaches to 
quantifying personality may prove more 
informative, particularly given links be- 
tween psychopathology and metacognitive 
beliefs (70). 

It remains to be seen whether a similar 
approach can predict variation in leader- 
ship style, such as autocratic or democratic 
leadership, and identify those who will be 
good leaders (11). In the study of Edelson 
et al., participants with low responsibility 
aversion did not earn more money for the 
group. By using the tools of decision neuro- 
science, it may be possible to reverse engi- 
neer not only leadership decisions, but also 
the ingredients of good leadership. 
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Wheat-the cereal abandoned by GM 


Genetic modification of wheat for disease resistance could help stabilize food production 


By Brande B. H. Wulff! 
and Kanwarpal S. Dhugga? 


he sudden appearance of crop diseases 

can cause an irreparable economic 

shock, particularly to smallholder 

farmers in developing countries. 

Wheat blast, for example, is a dev- 

astating fungal disease from South 
America, which emerged in Bangladesh in 
2016 (J). It is currently controlled by quaran- 
tine but could easily spread to other wheat- 
growing areas, which could threaten food 
security. Furthermore, widespread crop fail- 
ure from stem rust has occurred in Kenya 
and Ethiopia. Recent advances could provide 
a solution to this problem through the rapid 
discovery and isolation of disease-resistance 
genes from wild relatives of wheat, followed 
by their introduction by transformation into 
the elite crop varieties. There is, however, a 
barrier to such progress: Wheat, a worldwide 
staple food, has become an orphan among ge- 
netically modified (GM) crops. 

GM crops—mainly corn, cotton and soy- 
bean—that contain transgenes for herbicide 
tolerance and insect resistance have signifi- 
cantly increased profit margins for farmers 
(2). Although GM rice is not yet commercially 
grown, several traits have been approved, for 
example, insect resistance, herbicide toler- 
ance, and biofortification with provitamin 


A (3). The only application for the approval 
of a GM trait in wheat, herbicide tolerance, 
was abandoned in 2004 in the United States, 
and, apparently, no other trait has since been 
submitted for regulatory approval (3). Trans- 
genic introduction of a gene that conferred 
resistance against Fusarium, a fungus that 
kills the grain-bearing organ in wheat and 
contaminates remaining grain with toxins, 
was ostensibly successful (4), but there is no 
record of an attempt to obtain approval for 
commercial planting of the GM crop. It ap- 
pears that pressure from anti-GM consumer 
groups, mainly from Europe and Japan, on 
producers and unattractive profit margins 
for developers have relegated wheat to a low- 
priority crop. The agricultural seed industry 
charges a premium on GM seeds. Wheat is 
grown mostly on marginal land in the United 
States and generates only ~20% of farm in- 
come compared with maize, making it ques- 
tionable whether industry can recover the 
costs associated with research investment. 
If and when GM wheat becomes available, 
countries in Africa and Asia, where food se- 
curity is a perpetual concern, might be recep- 
tive to GM wheat, provided its use helps to 
stabilize production. 

Wheat is grown on more land area than 
any other cereal crop, and it is second only 
to maize in grain production (see fig. $1). On 
average, wheat provides ~20% of the daily 


calories and protein per capita worldwide 
(5). With increasing global population and 
urbanization, demand for wheat is expected 
to increase, which will require an increase in 
the current rate of global yield gain of ~1% 
per year (5) (see fig. $2). Current potential 
grain yield, which is the amount of grain 
produced under nonlimiting inputs in the 
absence of abiotic or biotic stresses, is report- 
edly ~12 metric tons per hectare for wheat; 
however, the actual harvested yield is less 
than 4 metric tons per hectare (6). Subopti- 
mal farm inputs, unpredictable environmen- 
tal fluctuations, and diseases are some of the 
factors that suppress the yield potential. Ge- 
netic selection of stable varieties adapted to 
adverse climatic factors—for example, high 
temperature—is perhaps the most suitable 
avenue to mitigate the effects of unpredict- 
able variables. However, changes in manage- 
ment practices and a readily available tool kit 
to guard against diseases are certain to help 
narrow the yield gap (7). 

The ancestral hybridization events that 
gave rise to cultivated wheat, through poly- 
ploidization of the genome, followed by do- 
mestication and breeding, sampled only a 
fraction of the available genetic diversity, 
creating genetic bottlenecks at each stage 
(see the figure). This progressive narrow- 
ing of the genetic base resulted in a modern 
crop that is highly vulnerable to disease. The 


Introducing disease resistance to wheat 
Genetic diversity for disease resistance in wheat has been lost through bottlenecks imposed by polyploidization, domestication, and breeding. Resistance genes from 
wild relatives can be incorporated into elite cultivars by crossbreeding, which is accelerated by speed breeding, and speed cloning with genetic modification (GM). 
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Traditional crossbreeding 


~5 to 10 years 


Reduces wheat 
generation time to allow 
faster crossbreeding to 
introduce single 
disease-resistance genes. 


Disease-resistance genes from wild wheat progenitors 
could be rapidly cloned and introduced into elite 
cultivars to confer multilayered disease resistance. 
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ability to incorporate disease resistance from 
breeding with exotic grass (wheat) species 
can compensate for this lack of genetic diver- 
sity. However, in practice, crossbreeding is a 
resource-intensive, time-consuming process 
because the generation time of wheat is 4 
to 5 months. Speed breeding, which halves 
the generation time of wheat under artificial 
growth conditions (8), could allow a much 
faster incorporation of exotic resistance 
genes. However, limitations persist, includ- 
ing sexual incompatibility and linkage drag, 
the latter resulting from the co-introduction 
of linked, deleterious genes from the donor 
parent. Indeed, the potential of many exotic 
resistance genes is untapped owing to the 
burden of linkage drag. More importantly, 
when single resistance genes are deployed 
in a disease hot spot, they are often rapidly 
overcome by resistance-breaking strains of 
the pathogen, dissuading many breeders 
from undertaking this strategy. 
As a result, the genetic treasure 
trove for disease resistance in 
wild relatives of wheat remains a 
largely underutilized resource in 
wheat breeding. 

If multiple disease-resistance 
genes from wild wheat relatives 
were cloned, these could be in- 
troduced as a multigene cassette 
by transformation into the wheat genome to 
provide broad-spectrum multilayered resis- 
tance that could delay the evolution of resis- 
tance-breaking pathogen strains (9). Such a 
cassette, or GM stack, would have the added 
benefit of being free from linkage drag. More- 
over, unlike in the natural genetic makeup, 
in which the individual genes may be scat- 
tered throughout the genome, a cassette 
would ensure that the genes stay together in 
a breeding program, thus eliminating the risk 
of individual genes being separated from the 
stack and being overcome by the pathogen, 
causing piecemeal weakening of the stack 
and eventual breakdown. 

Cloning disease-resistance genes from wild 
wheats, however, presents several challenges, 
including the complex, polygenic nature 
of durable disease resistance and seed and 
growth morphologies that are incompat- 
ible with existing mechanized cultivation. 
These issues conspire to limit the scope of 
traditional gene-cloning technologies, which 
require a disease-resistance gene to be ge- 
netically isolated in an otherwise susceptible 
background, followed by the generation and 
screening of large laboratory-produced popu- 
lations (10). However, population genetics 
combined with next-generation sequencing 
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is now reaching an inflection point at which 
it can deconvolute the complex relationship 
between genetic structure and phenotypes 
in a natural population to rapidly identify 
causal gene variants (77). Therefore, by selec- 
tively sequencing the repertoire of immune 
receptors (which detect molecules expressed 
by pathogens) and correlating these geno- 
types with disease susceptibility across a 
population of wild wheats, it seems possible 
to rapidly discover and identify (clone) the 
underlying disease-resistance genes (72) (see 
the figure). These and other technologies are 
likely to fuel an exponential growth of cloned 
disease-resistance genes. Moreover, cereal 
transformation technologies have improved 
to the point where inserting large stacks di- 
rectly into elite cultivars should not provide a 
technical barrier (73). 

Is wheat ready to come of GM age? A com- 
pelling case concerns wheat blast, a destruc- 


“..countries in Africa and Asia, where food 
security is a perpetual concern, might be 
receptive to GM wheat, provided its use helps 
to stabilize production.” 


tive disease in Brazil and other countries of 
South America. In 2016, it appeared in Ban- 
gladesh, causing widespread devastation (1). 
This disease now threatens to undermine 
food security in South and Southeast Asia, 
the world’s largest wheat belt, where 300 mil- 
lion undernourished people consume more 
than 100 million metric tons of wheat per 
year. Very little resistance to wheat blast has 
been reported in cultivated wheat (14). How- 
ever, genetic variation for resistance can be 
found in the goatgrass Aegilops tauschit, a 
wild progenitor of wheat (15). 

A wheat blast-resistance gene stack 
would have an excellent chance of halting 
the spread of the pathogen in Southeast 
Asia owing to the extreme genetic bottle- 
neck in the pathogen imposed by its single 
incursion from South America. Because the 
pathogen was likely imported through con- 
taminated grain, a key to success will be to 
ensure that there are no further incursions 
leading to increased genetic diversity in the 
pathogen population. However, because the 
pathogens causing wheat and rice blast are 
genetically similar and are both known to 
occur on other grass hosts (73), there is a 
risk that they could recombine and give rise 
to virulent forms that would infect both rice 
and wheat, creating a continuous disease 
cycle, or “green bridge,” in the rice-wheat 
rotation cropping system (whereby growing 
these two crops is rotated in the same year) 
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that is practiced across much of Bangla- 
desh, northern India, and southern China. 
Therefore, it is important that further pro- 
liferation of the pathogen in the region is 
curbed as soon as possible by the introduc- 
tion of resistant wheat varieties. 

Southeast Asia undoubtedly needs a so- 
lution to wheat blast, but if a GM solution 
existed, would it be adopted? Bangladesh 
seems likely to take the first step. The coun- 
try comprises a burgeoning population, sup- 
ported by intensive agriculture with up to 
three crops per season. Its framework for 
deregulating GM crops is rapidly maturing. 
It recently approved GM eggplant with in- 
sect resistance, is in the process of deregu- 
lating GM potato with late-blight resistance, 
and is close to releasing golden rice fortified 
with provitamin A. Bangladesh must import 
wheat to meet national demand, so there is 
no risk of upsetting a national export market 
with GM wheat, which is banned 
in many countries. However, if 
wheat blast were to spread into 
the Punjab in northern India, 
then it could prove challenging 
to control stewardship of a GM 
blast-resistant wheat line used in 
this region, potentially affecting 
India’s wheat export market. 

Although the Bangladeshi 
Ministry of Agriculture supports GM crop 
cultivation, it may have to adopt other mea- 
sures while the political and social stalemates 
on GM crops exist. However, to deliver yields 
to support the populations of the region and 
ensure continued protection of these yields, 
wheat must eventually become part of the 
GM family. 
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WATER 


Indigenous communities, 
groundwater opportunities 


AUS. court decision unlocks vast potential to improve 
sustainable freshwater management 


By Philip Womble’, Debra Perrone’, Scott 
Jasechko*, Rebecca L. Nelson**, Leon F. 
Szeptycki’, Robert T. Anderson®’, Steven 
M. Gorelick!* 


nstead of managing fresh water as one 

integrated resource, laws frequently 

treat groundwater separately from more 

visible, monitored, and managed sur- 

face waters. One under-recognized con- 

sequence of such legal fragmentation 
has been uncertainty about whether water 
rights for indigenous communities, which 
have been addressed in many countries to 
varying degrees for surface waters, apply to 
groundwater. In late 2017, the U.S. Supreme 
Court left standing a lower court ruling en- 
dorsing priority groundwater rights for Na- 
tive American tribes by denying an appeal in 
Agua Caliente Band v. Coachella Valley Wa- 
ter District (1). This ruling establishes a new 
standard throughout nine western states 
within the lower court’s jurisdiction and es- 
tablishes persuasive, although nonbinding, 
legal precedent for the rest of the United 
States (1). To evaluate the ruling’s broader 
potential impacts, we present new data cata- 
loging existing Native American water rights 
and mapping unresolved tribal groundwa- 
ter claims across the western United States. 
No court considered such a regional or na- 
tional quantitative catalog or map. Drawing 
lessons from past U.S. experience, we then 
discuss how tribal rights may offer new op- 
portunities to achieve sustainable ground- 


water management for society at large, with 
implications beyond the United States. 

As the U.S. National Water Commission 
concluded in 1973, “[iJn the history of the 
United States Government’s treatment of 
Indian tribes, its failure to protect Indian 
water rights for use on the Reservations 
it set aside for them is one of the sorrier 
chapters” (2). In 1908, the U.S. Supreme 
Court ruled that Native American reserva- 
tions include high-priority rights to surface 
water (i.e., federal reserved rights; here, for 
simplicity, “tribal rights”) (2). Since then, 
however, uncertainty surrounding whether 
these rights include groundwater has pro- 
duced a patchwork of tribal groundwater 
rights. For example, Wyoming’s Supreme 
Court held that tribal rights on the Wind 
River Indian Reservation did not include 
groundwater, Arizona’s Supreme Court 
held that tribal rights include groundwater 
when other water sources do not suffice, 
and Montana’s Supreme Court ruled that 
tribes may have groundwater rights (2). The 
Agua Caliente ruling by the U.S. Ninth Cir- 
cuit Court of Appeals held that tribal rights 
“do not distinguish between surface water 
and groundwater” and provide tribes with 
“superior” access to groundwater “appurte- 
nant” to tribal reservations (1). 

Ten states asked the U.S. Supreme Court 
to overturn the ruling, arguing that it un- 
dermined authority that states have tra- 
ditionally exercised (3). Similar concerns 
led both houses of the U.S. Congress to 


consider the Water Rights Protection Act 
of 2017, which could limit tribal ground- 
water rights by directing federal agencies 
to ignore hydrologic connectivity between 
surface water and groundwater when state 
law does not recognize such connectivity 
(4). Nevertheless, unless the U.S. Supreme 
Court revisits tribal groundwater rights, 
they are now settled law across much of 
the western United States (7). 

Tribal rights to groundwater exist along- 
side increasingly strained western United 
States water supplies. By 2030, projected 
consumptive water use is expected to ex- 
ceed legally available surface water and 
groundwater in most western United States 
watersheds (5). As surface water becomes 
fully allocated and climate change modi- 
fies river flows, groundwater withdrawals 
will likely increase to meet water demands. 
Much of the western United States has been 
slow to regulate groundwater pumping (6), 
and increased groundwater extractions can 
lead to land subsidence, drying springs and 
groundwater wells, streamflow depletion, 
ecosystem impacts, seawater intrusion, and 
reduced groundwater storage (7). 


WATER RIGHTS GO UNDERGROUND 

To provide perspective on the potential 
volume of tribal groundwater claims, we 
cataloged resolved and proposed tribal sur- 
face water and groundwater rights in the 17 
western states where most Native American 
lands are located (8), most national ground- 
water withdrawals occur (9), and U.S. water 
scarcity is most acute. To date, tribal water 
rights have largely involved surface water 
but not groundwater (see the first figure). 
Collectively, 59 federally recognized tribes 
in the western United States have resolved 
and proposed surface water and groundwa- 
ter rights to >10.5 million acre-feet annu- 
ally (see the first figure and table S1). This 
volume exceeds 13 of 17 western U.S. states’ 
individual annual freshwater withdrawals 
(see the first figure) (9). Of the 59 tribes, 
53 have resolved rights, six have proposed 
rights, and two have both. Before Agua 
Caliente, just 4% of resolved and proposed 
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Groundwater resources and Native American groundwater 
claims in the western United States 


Principal aquifers are defined by the U.S. Geological Survey as the uppermost regional aquifers or aquifer systems 
with potential to provide potable water. Observed brackish or highly saline groundwater on tribal lands is 
>1000 mg/liter total dissolved solids <300 m below land surface. Groundwater well construction data vary by 
state with various limitations across space, time, and water-use categories (7). Not all state databases collect 

well information on tribal lands (e.g., Arizona). For map data sources and methods, see supplementary materials. 
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rights were exclusively for groundwater 
(see the first figure). We expect that future 
tribal rights will place greater emphasis on 
groundwater. 

We separated resolved tribal rights into 
two categories—court decisions in lawsuits 
and legal settlements—because tribal water 
access can depend on which mechanism 
quantifies tribal rights. As opposed to set- 
tlements, court decisions have sometimes 
left tribes with “paper water”; although a 
tribe may gain legally enforceable rights to 
use water, the tribe may lack infrastructure 
and finance to access it. Settlements have 
been the dominant mechanism for resolv- 
ing tribal water rights in the western United 
States (43 of 53 tribes and >80% of resolved 
tribal rights). Settlements allow tribes to 


@ Brackish or highly saline 
groundwater observed 
<300 m below land surface 


#§ Existing groundwater wells 


negotiate water infrastructure funding or 
other concessions from governments and 
private water users but often depend on 
continued congressional funding (2). Settle- 
ments have authorized U.S. federal funding 
of ~$5.2 billion, largely for water infrastruc- 
ture (see the first figure), though the U.S. 
government estimated in 2016 that $1 bil- 
lion in settlement funding remains “autho- 
rized but unfunded” (10). 

To identify where tribal groundwater 
claims may offer new opportunities for 
groundwater access and management, 
we mapped tribal lands with unresolved 
groundwater claims alongside groundwater 
resources of potentially viable quantity and 
quality across the western United States 
(see the second figure). We estimate that up 


to 236 tribes in the western United States 
have lands with unresolved groundwater 
claims. The second figure illustrates three 
important features. First, most but not all 
tribal lands with unresolved groundwater 
claims exist in areas where major aquifers 
occur and can potentially produce appre- 
ciable quantities of groundwater. Second, 
some tribal lands with unresolved ground- 
water claims exist in regions with lower- 
quality groundwater. In locations where 
groundwater quality concerns exist, tribal 
groundwater claims may offer fewer op- 
portunities for water access without sizable 
investments in treatment infrastructure. 
Because ongoing phases of the Agua Cali- 
ente lawsuit confront whether tribal rights 
require water of a certain quality (7), unre- 
solved tribal claims may also offer new legal 
tools to compel groundwater quality reme- 
diation and treatment in such locations. 

Third, the second figure reveals areas 
where unresolved tribal groundwater claims 
may or may not compete with nontribal 
groundwater use. In the 2017 appeal to the 
US. Supreme Court, state and local govern- 
ments argued that tribal groundwater rights 
would displace existing nontribal ground- 
water uses (3). Such conflict might occur in 
locations where tribal lands with unresolved 
groundwater claims are near many exist- 
ing groundwater wells on nontribal lands. 
However, the second figure shows that tribal 
lands with unresolved groundwater claims 
exist near relatively few existing groundwa- 
ter wells on nontribal lands. Some of these 
tribal lands, meanwhile, exist near many 
nontribal groundwater wells. The absence 
of comprehensive and consistent data on 
groundwater use, rights, quality, and sup- 
ply for much of the United States precluded 
definitive identification of areas where tribal 
groundwater claims conflict with nontribal 
groundwater use (7). 


APPLYING PAST LESSONS 

Lessons from past U.S. experience with 
tribal rights, which predominantly allocated 
surface water, suggest possible avenues by 
which tribal rights might promote more 
sustainable groundwater management for 
tribal and nontribal water users. Because 
tribal rights hold higher priority than most 
other water uses, deferring the recognition 
of tribal rights has added uncertainty and 
conflict to water management; legal settle- 
ments of tribal rights have thus helped to 
reduce water conflict. Some U.S. states 
have actively resolved tribal claims through 
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dedicated settlement commissions. For in- 
stance, Montana’s Water Right Compact 
Commission has reached tentative or final 
settlements with all seven tribes in the state 
(table S1). Proactive settlement of tribal 
groundwater claims can provide certainty 
and diminish conflict. 

Forty-eight percent of homes on Native 
American land in the United States suffer 
from inadequate access to drinking water or 
waste disposal facilities, compared to <1% 
of all U.S. homes (17). To date, many legal 
settlements for tribal water rights have em- 
phasized investment in expensive surface 
water infrastructure (2, 70, 11). Yet ground- 
water infrastructure tends to be both less 
costly and resource-intensive than surface 
water infrastructure. Where tribal claims 
overlie viable groundwater and insufficient 
financial resources for infrastructure have 
limited tribal drinking water access, legal 
settlements financing tribal groundwater 
access may improve water security. 

Because tribes frequently own the most 
valuable water rights due to their prior- 
ity, tribal participation in water markets 
may, in some cases, reduce conflict and of- 
fer economic incentives. In 2016, 14 tribes 
leased ~260,000 acre-feet, consisting al- 
most entirely of surface water, to other us- 
ers for $19 million (12). This suggests that, 
where tribes wish to lease their ground- 
water rights, these leases can promote 
tribal economic development while avoid- 
ing or minimizing disruptions to existing 
groundwater uses. Markets can also add 
economic incentives for efficient ground- 
water use, though without accompanying 
extraction limits for all groundwater users, 
little evidence suggests that markets alone 
ensure sustainable use. Meanwhile, legal 
uncertainties have made marketing tribal 
water off-reservation difficult without fed- 
eral legislation authorizing it (2). 

Historically, western U.S. law did not recog- 
nize water rights for instream environmental 
use, leaving many rivers fully allocated with 
little or no water reserved for the environ- 
ment. Some tribal surface water rights have 
restored reliable water supplies for aquatic 
and riparian ecosystems where a reserva- 
tion’s purpose incorporated fishing, hunting, 
or gathering (2). In one example, tribes in 
the Klamath River basin in southern Oregon 
and northern California maintained large 
surface water rights to protect fish and ripar- 
ian habitat. Although ecologically beneficial, 
the recognition of tribal rights has curtailed 
nontribal irrigation water having lower legal 
priority, with >100,000 acres curtailed during 
the 2013 summer (13). 

Tribal groundwater rights may afford 
similar opportunities to protect ground- 
water-dependent ecosystems. High-quality 
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groundwater discharge to rivers and streams 
often sustains aquatic and riparian ecosys- 
tems. Few laws explicitly regulate impacts 
of groundwater pumping on groundwater- 
dependent ecosystems (6). Modern ground- 
water law also often incorrectly assumes that 
sustainable groundwater extraction equals 
an aquifer’s recharge rate. This ignores that 
recharge often supplies groundwater dis- 
charge for surface water, springs, and depen- 
dent ecosystems. Indeed, the cultural and 
spiritual values that some tribes ascribe to 
water emphasize aquatic ecosystem health 
more than western law does. Some tribes 
also consider water to be sacred and retain 
traditional ecological knowledge that can in- 
form ecosystem protection. Tribal rights can 
facilitate including these missing viewpoints 
in US. groundwater management. 


GLOBAL IMPLICATIONS 

After Agua Caliente, indigenous commu- 
nity groundwater claims are probably more 
prominent in the United States than any 
other nation. Yet many nations face the 
prospect of incorporating water claims for 
indigenous communities into contempo- 
rary water governance. For example, simi- 
lar challenges and opportunities exist in 
Australia, Canada, Chile, and New Zealand, 


“.tribal rights might 
promote more sustainable 
groundwater management 
for tribal and nontribal 
water users.” 


though no two nations legally recognize 
these claims in the same manner (1/4, 15). 

As in the United States, surface water 
claims for indigenous communities have 
received more attention than groundwater 
claims in these nations (74, 15). The Agua Cali- 
ente ruling offers an opportunity to increase 
awareness of groundwater claims in these na- 
tions. By bridging surface water and ground- 
water, the ruling may also offer persuasive, 
though nonbinding, legal precedent for 
courts outside the United States, particularly 
in Canada and Chile, where courts have pre- 
viously adopted terminology or approaches 
in US. indigenous water law (J4, 15). 

The U.S. response to the Agua Caliente 
ruling may also develop transferable les- 
sons for improving water access. As in the 
United States, opportunities for major le- 
gal settlements to improve water access for 
indigenous communities exist in Canada 
and New Zealand, where treaties estab- 
lish water claims (/4). These opportunities 
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may be more limited in nations without 
treaties (e.g., Australia and Chile) (14, 15). 
Additionally, U.S. experience with water 
markets may be relevant to Australia and 
Chile, where markets also exist. In Chile, 
because markets historically transferred 
water out of indigenous communities, a 
national Indigenous Land and Water Fund 
now finances reacquisition of water rights 
for these communities (75). In Australia, al- 
though indigenous land accounts for >30% 
of all land, indigenous water entitlements 
constitute <0.01% of diversions (1/5), and 
similar to the United States, disputes per- 
sist regarding whether indigenous groups 
should be able to market water. 

In the United States, meanwhile, the re- 
sponse to the Agua Caliente ruling holds 
potential to improve Native American wa- 
ter security. It also holds potential to dem- 
onstrate to the United States and other 
nations the importance, feasibility, and 
opportunities of recognizing groundwater 
claims for indigenous communities. 
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INSIGHTS 


in profile 
In the tradition of Oliver 


Sacks, two tomes investigate 
rare brain conditions 


By Stephen T. Casper 


he case report is dead. At least, it 

seems all but so in the realm of ev- 

idence-based medicine. It is thus 

thoroughly refreshing to read Helen 

Thomson’s Unthinkable: An Extraor- 

dinary Journey Through the World’s 
Strangest Brains and Eric R. Kandel’s The 
Disordered Mind: What Unusual Brains Tell 
Us About Ourselves, two ambitious books 
that draw on clinical profiles to tell stories 
about our brains and minds. 

Thomson’s memoir aims to help us un- 
derstand our brains through stories about 
exceptional others, who, she argues, may 
serve as proxies for ourselves. Kandel’s book 
argues from neuroscience research and in- 
dividual illness experiences for a biologi- 
cally informed account of mind and brain. 
Both authors are unapologetic in their fo- 
cus on what might be dismissed as merely 
anecdotal. Each foregrounds neurological 
and psychiatric patient narratives and ex- 
periences and from these draws out larger 
philosophical and scientific lessons. 

By profiling and seeking meaning in in- 
dividuals with curious neurological condi- 
tions, Thomson’s Unthinkable follows a 
well-worn literary path but revitalizes the 
genre with an original and subtle shift to 
the personal. Perfected by neurologist Oliver 
Sacks, Thomson’s technique was invented 
before the 19th century but most famously 
pioneered in the 20th century by such emi- 
nent neurologists as Morton Prince, Sig- 
mund Freud, and Alexander Luria. 

Where those authors represented pa- 
tients as medical mysteries or as object 
lessons in physiology and_ philosophy, 
Thomson finds a timelier focus that cor- 
responds with the growing advocacy for, 
and social attention to, individual patients’ 
rights. Unlike her predecessors in the 
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Transforming faces into two dimensions helps Chuck Close, who suffers from face blindness, recognize people. 


genre, Thomson enters her subject’s lives— 
their restaurants, homes, families, commu- 
nities, and online selves. 

Her account, written in an easygoing, 
journalistic first person, moves at times 
from travelogue to spiritual odyssey. Yet 
it is at its best when Thomson listens—to 
people’s descriptions of their neurological 
abilities, caregivers’ accounts of their lives, 
and doctors’ surprise at the varieties of the 
human condition. 

Like Thomson’s Unthinkable, Kandel’s 
The Disordered Mind has similar sensitivity 
to personal experience. Kandel is an astute 
reader and a reflective observer. 
He has a penchant for thick de- 
scription and a humanist’s ap- 
preciation of the sublime. Much 
in his study reminds the reader 
of the 19th-century natural histo- 
rian, in whom a singular instance 
in nature could give rise to a grand 
idea. There is certainly that nostal- 
gic, synthetic voice in his text. 

Neuroscience comes alive in 


Unthinkable 
Helen Thomson 
HarperCollins, 2018. 


becomes a quiet observer of cultures, of 
societies, and most especially of minds 
puzzled at the experience of being a brain 
in a body. By granting so much agency to 
patient voices and personal knowledge, 
Kandel asks his reader to confront the an- 
ecdotal and inexplicable and think hard 
about what it means. 

The varieties of neurological experience 
Thomson and Kandel describe are eye- 
opening. Both authors recall the most 
famous neurological patients as they de- 
scribe their own evocative cases. Expected 
cameos include such famous patients as 
Phineas Gage, the famous rail- 
road foreman whose personal- 
ity changed after an iron rod 
destroyed much of his frontal 
lobe; the Jumping Frenchmen of 
Maine, a group of 19th-century 
lumberjacks who exhibited an 
exaggerated startle response; 
H.M., the man who was unable 
to form a new memory after 
1953; and John Nash, the No- 


Kandel’s study through the per- 283 pp. belist and mathematician who 
sonal and imaginative rumina- suffered from schizophrenia. Yet 
tions of disordered minds. He we o1SORDERED MIND these familiar patients feature 
finds in the literary and artistic only in the background. 

endeavors of psychiatric and rwuanat| Kandel turns up dozens of 
neurological patients material ‘ma'| | autobiographical works by men- 
illustrations of deeper neurosci- al tally ill or neurodiverse people 


entific concepts. Each vignette 
forms a natural experiment. Each 
patient becomes a novel perfor- 
mance of nature. 

At his very best, Kandel re- 
cedes into the background and 
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reflecting on their experiences: 
Here is the voice of Erin McKin- 
ney in his study describing her 
life with autism; there, the voice 
of Andrew Solomon describing 
his severe depression. Chuck 
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Close, a portraitist who cannot “recognize 
individual people,” appears not far from 
Peter Moog, a likely schizophrenic whose 
religious imagery would partially inspire 
the Dadaist and Surrealist movements. 

Where Kandel’s book only visits such fig- 
ures in brief passages, however, Thomson’s 
spends whole chapters with them. The inti- 
macy she acquires with her subjects grants 
her access to a variety of personal spaces 
normally denied to outsiders; she writes of 
their sexual attractions, their experiences 
of divorce and other life events, their per- 
manent fears and anxieties, even their self- 
loathing and suicidal ideation. 

Thomson meets people who see colored 
auras emanating from every person; she 
meets others who never forget a moment 
of any day, ever. She interviews people 
with synesthesia, schizophrenia, 
depersonalization, even whole- 
scale personality change, and 
she describes their extraordinary 
experiences often by examining 
the banality of everyday life. She 
finds answers to questions that 
must baffle neighbors. Sharon, 
who lives her life often com- 
pletely lost in physical space, 
for example, explains to Thom- 
son the reason for her large, 
unsightly giant lobster lawn or- 
nament: “I see Louie ... I know 
Tm home.” 

If Thomson is sometimes too 
present in her own narrative, she 
is nevertheless an attentive and 
empathetic observer. It is clear 
from the way her encounters un- 
fold that the people she meets on 
her journey throughout the book 
are drawn to her warmth, charac- 
ter, and curiosity. Nowhere is this 
clearer than in her treatment of Cotard’s 
syndrome and Graham’s experience of wak- 
ing up dead (the delusion archetypical of 
the syndrome). 

Graham, after a suicide attempt, ac- 
quired a host of subjective symptoms as 
a dead, living person: His emotions van- 
ished; his sense of smell disappeared; even 
his addictions ceased to exercise any hold. 
He confides to Thomson: “I sat right there, 
just like you are now. All day. For months. 
I didn’t have anything to think about, 
didn’t want to do anything, say anything, 
see anyone. Just stared at that wall. Like a 
vegetable. Somehow my body hadn’t real- 
ized my brain was dead. But I knew it was. 
Horrible really, thinking about it now. But 
that was that.” 

Upon neurological examination, Graham 
was found to have brain areas where meta- 
bolic activity was so low it made sense to 
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compare him with coma patients, leading 
him to become immortalized in a paper en- 
titled, provocatively, “Brain dead yet mind 
alive.” Thomson notes that although Graham 
eventually regained some of what had been 
lost, the early clinical findings of his unique 
brain function were of almost no value to 
him. “Tt didn’t change the fact,” he divulged 
to her, “that I thought I was dead.” 

Despite foregrounding lived neurological 
experience, neither book shies away from 
clinical and scientific detail. Thomson, how- 
ever, typically subordinates her discussion 
of scientific concepts and medical theory to 
the biographical and historical. 

Kandel, meanwhile, combines his case 
perspective with brain genetics, brain im- 
aging studies, and animal models of brain 
disorders. His volume is consequently the 


Chromesthesia, a common form of synesthesia, manifests when sounds 
trigger the simultaneous perception of colors. 


more technical of the two studies, but it is so 
skillfully written that it is easy to forget that 
his deeper purpose is to use the basic science 
and clinical medicine to ground his larger, 
more controversial argument: the notion 
that the mind can be studied biologically. 
The ease with which Kandel puts pa- 
tients into contexts within whole litera- 
tures on dopaminergic and serotonergic 
neurons, genetic mutations, and psychoan- 
alytic categories might well suggest that all 
of this science is settled—indeed, even that 
the problem of reductionism has finally 
been solved. The reader should be alert, 
however, to Kandel’s syntheses, such as, for 
instance, when he brings together (without 
fanfare) prion disease, misfolding proteins, 
and chronic traumatic encephalopathy. His 
is a brilliant and likely correct observation, 
but one that could only be termed an ac- 
tive hypothesis. Kandel nevertheless uses 
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this to elaborate a far larger point about 
the relationship between the death of neu- 
rons in the brain and erratic, sometimes 
violent behavior. 

What goes missing in both books, and 
indeed goes missing in most books that 
foreground neurological and _ psychiatric 
patients, is a deeper ethical and humane 
engagement with the place such individu- 
als occupy when—to put it in the broadest 
terms—their access to social, racial, and 
economic justice is diminished. Both au- 
thors recognize that often the cases they 
present are lucky exceptions. 

When describing Joel, a mirror-touch 
synesthete (someone who feels what other 
people appear to be feeling physically and 
emotionally), Thomson wonders how his 
life would have been “had he not been so 
bright.” Joel answers that without 
his intelligence, “his world could 
easily have come crashing down 
around him.” Kandel contem- 
plates retributive justice in the 
context of brain disease, brain 
injury, and major psychiatric dis- 
order and admits that the ques- 
tion of criminal responsibility is 
a vexing one. 

Such observations make clear 
that even as we can know so 
much about the extraordinary in- 
dividuals who become profiles of 
neurological diversity, we know 
too little about the lives of simi- 
larly situated individuals who 
suffer in silence on the fringes of 
society. How are these types of in- 
dividuals insured? How are they 
coded in hospital records when 
they die? What is their experi- 
ence with law enforcement and 
the criminal justice system? How 
many health care professionals suspect 
them of malingering? 

Because even basic statistics on rare 
neurological conditions are often lacking, 
it is hard to assess how many individuals 
in such circumstances live lives diminished 
or enriched by their own neurological di- 
versity. It is not hard, however, to imagine 
that for many, their demographic attributes 
stand firmly against them. 

Whatever the answers to such questions, 
it seems likely that they would rely greatly 
on individual case studies rather than ex- 
pansive statistics. And here, of course, Kan- 
del’s and Thomson’s books are invaluable 
demonstrations of the value of anecdotal 
evidence. These books are compassion- 
ate testimonials to the value of thinking 
in cases. 


10.1126/science.aat8783 
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PHYSICS 


Poetic and polemic 


A physicist muses on science, politics, space, and more 


By Mario Livio 


n his book The Problems of Philosophy, 

the British mathematician, philosopher 

and Nobel laureate Bertrand Russell 

writes, “Philosophy is to be studied, not 

for the sake of any definite answers to 

its questions ... but rather for the sake 
of the questions themselves; be- 
cause these questions enlarge our 
conception of what is possible, 
enrich our intellectual imagina- 
tion and diminish the dogmatic 
assurance which closes the mind 
against speculation.” 

These words describe very 
well how I feel about Steven 
Weinberg’s Third Thoughts. This 
book should be read not only for 
its insightful and illuminating 
explanations of a wide range of 
physical phenomena but also for the oppor- 
tunity it affords to follow the wanderings 
of a brilliant mind through topics ranging 
from high-energy physics and the makeup 
of the cosmos to poetry, and from the his- 
tory and philosophy of science to the dan- 
gers of economic inequality. 


The reviewer is an astrophysicist and author. His most recent 
book is Why?: What Makes Us Curious (Simon & Schuster, 
2017). Email: dr.mario.livio@gmail.com 
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Manned spaceflight, while inspirational, has yielded fewer discoveries than unmanned missions, argues Weinberg. 
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Third Thoughts 
Steven Weinberg 
Belknap Press, 2018, 
240 pp. 


Although most of the book’s 25 essays 
have already been published, in The New 
York Review of Books and elsewhere, the 
collection also contains several original 
pieces. The whole, however, is greater than 
the sum of its parts. And even the few, in- 
evitable repetitions are helpful because 
they make the scientifically challenging 
concepts (such as those related 
to the foundations of quantum 
mechanics or the details of 
the Standard Model of particle 
physics) more accessible to un- 
initiated readers. 

In the more scientific essays, 
I liked in particular the ones 
entitled “What is an elementary 
particle?,”” “Varieties of sym- 
metry,’ and “The trouble with 
quantum mechanics.” The first 
of these describes the tortuous 
road toward understanding which sub- 
atomic particles are truly “elementary.” 
The second gives an excellent description 
of the role symmetries play in deciphering 
nature’s puzzles. (Since Einstein’s theories 
of special and general relativity, physicists 
have realized that symmetry requirements 
essentially dictate the laws nature has to 
obey.) The third gives a perspicuous ac- 
count of the apparent conflict between the 
fact that on one hand, quantum mechan- 
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ics allows physicists to predict the results 
of physical processes with an astonishing 
precision, whereas on the other, its founda- 
tions in general, and the nature of experi- 
mental measurement in particular, are far 
from being understood. 

The section entitled “Public matters” is 
in my opinion the best in Third Thoughts, 
and all essays within it—polemical as 
they may be—are excellent. Here, Wein- 
berg examines weighty subjects such as 
climate change, big science, and manned 
space flight. Regarding the debate on cli- 
mate change, he correctly concludes that 
“It is generally foolish to bet against the 
judgments of science, and in this case, 
when the planet is at stake, it is insane.” I 
couldn’t agree more. 

In his essay “The crisis of big science,” 
Weinberg addresses the serious problem of 
the rising costs of conducting research in 
both high-energy physics and astrophysics 
while the United States is also facing se- 
rious and sustained economic challenges. 
His proposed solution: “[A]ll the people 
who care about these things” should “unite 
in restoring higher and more progres- 
sive tax rates, especially on investment 
income.” He laments, however, the reality 
that “given the anti-tax mania that seems 
to be gripping the public, views like [this] 
are political poison. This is the real crisis, 
and not just for science.” 

Weinberg has always opposed govern- 
ment spending on manned space flight, 
arguing convincingly that most of the sci- 
entific breakthroughs in astronomy and 
astrophysics have come from data col- 
lected on unmanned missions. Although 
he concedes that there is excitement in 
exploration, he notes that unlike in space 
flight, people who have made heroic ef- 
forts to, say, climb mountains have never 
expected their expeditions to be funded by 
the government. 

The final section of the book, “Personal 
matters,” includes such topics as science 
writing, the importance of being (occasion- 
ally) wrong, and the similarities and differ- 
ences between the craft of science and the 
craft of art. When he discusses the value 
of being wrong, Weinberg echoes Bertrand 
Russell: “It is profoundly instructive to 
learn that one has been wrong about some- 
thing. It combats arrogance, and opens the 
mind to new ideas.” 

Although one could perhaps quibble 
about a few very minor points—Weinberg 
may underestimate the inspirational value 
of manned space flight, or its potential 
value in the future—he has not been wrong 
in this captivating book. 


10.1126/science.aau4094 
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Proposed legislation in Brazil 
could compromise conservation 
efforts in the Cerrado. 


Edited by Jennifer Sills 


Brazil's protected 
areas under threat 


Brazil has relished a reputation of 
international leadership in biodiversity 
conservation. The country not only ranks 
first in megadiversity (7) but has one of 

the most extensive protected area (PA) 
networks (2). PAs protect biodiversity and 
ecosystem services (3), mitigating climate 
change (4). However, a recently proposed 
law (5) aims to repeal the legal status of 
newly established strict PAs (which allow 
only conservation-related use) for which 
land ownership conflicts are not resolved 
within 5 years of PA creation. If the law is 
passed, all future PAs will be affected, as 
well as many current PAs. The retroactive 
effect of this law could compromise both 
terrestrial and marine PAs, including 
those in the Amazon and in two biodiver- 
sity hotspots: the Cerrado and the Atlantic 
Forest. In practice, the law would prevent 
the expansion of the PA network because 
socioeconomic conflicts take much longer 
than 5 years to be fully settled in Brazil. 
This setback has no precedent. 

This law is in conflict with Article 225 
of the Brazilian constitution, which states 
that “all have the right to an ecologically 
balanced environment” (6), and repre- 
sents the culmination of a long-standing 
series of attacks on Brazil’s biodiversity 
PA network (6). Such actions are at odds 
with scientific evidence suggesting the 
need for expanding, rather than decreas- 
ing, PAs (7). Recently, the nontechnical 
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appointment of a candidate for presi- 
dent of the Instituto Chico Mendes de 
Conservacao da Biodiversidade (the 
national PA authority) resulted in a 
nationwide protest organized by PA staff 
across Brazil (8). Ill-informed policies 
jeopardize Brazilian international leader- 
ship in conservation, pose substantial 
global threats to our ability to mitigate 
climatic change and secure ecosystem ser- 
vices, and undermine attempts to achieve 
the goals established by the Convention 
on Biological Diversity (9). We urge 
Brazil’s legislators and decision-makers to 
turn down this unseemly proposal. 


F. A. O. Silveira, M. C. Ferreira,” L. N. 


Perillo,” F. F. Carmo,** F. S. Neves” 
‘Departamento de Botanica, Universidade Federal 
de Minas Gerais, Belo Horizonte, MG, Brazil. 
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Federal de Minas Gerais, Belo Horizonte, MG, Brazil. 
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30642-020, Brazil. 
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British Columbia's 
wildlife model reform 


British Columbia (BC), Canada— 

a continental hotspot of wildlife (7) 

and a Canadian hotspot of endangered 
species (2)—recently committed an 
unprecedented $14 million to reassess 
their wildlife management approach (3). 
The province's justifications for reform 
are laudable, including implementing 
the United Nations Declaration on the 
Rights of Indigenous Peoples (4), address- 
ing changing societal expectations about 
wildlife, and engaging a broad spectrum 
of the public. This shift in strategy would 
mark a substantial departure from the 
prevailing focus in North America, where 
wildlife is managed primarily for hunters 
(5). Drawing on the diverse perspectives, 
rights, and rich knowledge of numerous 
other members of the public who also 
value wildlife—including indigenous 
peoples, conservationists, scientists— 

could provide a unique opportunity 

for transformation. 

Reassessing the fundamental scientific 
underpinnings of wildlife management 
would also provide continental leadership. 
Measurable objectives, evidence, transpar- 
ency, and independent review are often 
missing from wildlife management across 
Canada and the United States (6). Ushering 
these important characteristics of research 
into practice would substantially improve 
the rigor in BC and make the province a 
model for elsewhere. 

Translating BC’s aspirations into tangible 
change will require independent oversight. 
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Engaging citizens interested in cultural and 
other nonconsumptive values of wildlife 
could help to prevent the small subset of the 
population who hunt recreationally and its 
powerful lobbies from unduly influencing 
the government's decisions. Although this 
would entail bringing together often discor- 
dant groups, common interests already exist. 
For example, hunting advocates disagreed 
with conservation groups and most of 

the BC public about whether the recently 
banned grizzly bear hunt was acceptable (7), 
but agree about the importance of securing 
habitat amidst unrelenting pressures from 
extractive industries [e.g., (8, 9)]. 

BC stands at an historic moment where 
foresighted wildlife management reform 
could be imminent. The needed ingre- 
dients for transformation are available, 
including considerable untapped insight 
from a diverse and keen public and a 
framework for more rigorous wildlife man- 
agement (6). Whether the potential of this 
moment is seized or squandered will have 
important ramifications for wildlife across 
North America for years to come. 
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Canada begins a great 
ganja experiment 


Countries worldwide struggle to manage 
the societal impacts of illicit drug consump- 
tion, and limited research is available to 
inform policy because scientists encounter 
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The legalization of recreational marijuana in Canada 
represents an important research opportunity. 


difficulties acquiring drugs and conducting 
experiments (7). With the passage of the 
Cannabis Act (2), Canada becomes the first 
major economy to legalize marijuana for 
recreational use. 

Canada seeks to prevent marijuana access 
to youth, promote public health and safety, 
and reduce strain on the criminal justice sys- 
tem by reversing the prohibitionist system 
currently in effect worldwide (2). Marijuana 
advocates have long argued that legaliza- 
tion of recreational use could lessen black 
market sales, decrease the power of criminal 
organizations, reduce incarcerations, save 
on enforcement costs for drugs, improve 
product safety, and provide jobs and revenue 
(3, 4). It has been difficult to find evidence 
to confirm or refute these claims, because 
for decades, marijuana research and access 
to materials representative of those on the 
underground market have been thwarted by 
governmental regulations (1). 

With a substantial research budget (5), 
Canada can now become a trailblazer of 
marijuana studies. Federal legalization 
permits investigations into policy effects on 
crime, changes in user consumption, and 
the economics of marijuana, areas previ- 
ously recalcitrant to research. Researchers 
will have access to more diverse germplasm 
for exploring medical applications, elucidat- 
ing basic marijuana biology, and breeding 
improved industrial hemp varieties for the 
agriculture sector. Research should begin 
soon; without the establishment of strong 
baseline data, the opportunity to fully inves- 
tigate transformations instigated by the new 
policy could be squandered. 

Canadians are forging a new path in 
marijuana regulation, access, and research. 
However, permitting recreational drug use 
violates international treaties (6), to which 
Canada remains a party. The severity of 
United Nations sanctions on Canada, if 
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any, will dictate whether other countries 
give marijuana legalization a chance. 

How long this opportunity to research 

key tenets of marijuana policy will remain 
viable is unknown. Researchers should 
exploit this opportunity to conduct politi- 
cally unbiased studies, prioritizing those 
that accurately assess claims made by both 
advocates and opponents of legalizing 
recreational marijuana. 
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Comment on “Genomic signals of selection 
predict climate-driven population declines 
ina migratory bird” 

Matthew C. Fitzpatrick, Stephen R. Keller, 
Katie E. Lotterhos 

Bay et al. (Reports, 5 January 2018, p. 83) 
combine genomics, spatial modeling, and 
future climate scenarios to examine yellow 
warbler population trends in response to 
climate change, and they suggest that their 
methods can inform conservation. We dis- 
cuss problems in their statistical analyses 
and explain why the concept of “genomic 
vulnerability” needs further validation 
before application to real-world conserva- 
tion problems. 

Full text: dx.doi.org/10.1126/science.aat7279 


Response to Comment on “Genomic 
signals of selection predict climate-driven 
population declines in a migratory bird” 
Rachael A. Bay, Ryan J. Harrigan, Wolfgang 
Buermann, Vinh Le Underwood, H. Lisle 
Gibbs, Thomas B. Smith, Kristen Ruegg 
Fitzpatrick et al. discuss issues that they had 
with analyses and interpretation in our recent 
manuscript on genomic correlates of climate 
in yellow warblers. We provide evidence that 
our findings would not change with different 
analysis and maintain that our study repre- 
sents a promising direction for integrating 
the potential for climate adaptation as one of 
many tools in conservation management. 

Full text: dx.doi.org/10.1126/science.aat7956 
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Comment on “Genomic signals of 
selection predict climate-driven 
population declines in a 


migratory bird” 


Matthew C. Fitzpatrick’, Stephen R. Keller?{, Katie E. Lotterhos*+ 


Bay et al. (Reports, 5 January 2018, p. 83) combine genomics, spatial modeling, and 
future climate scenarios to examine yellow warbler population trends in response to 
climate change, and they suggest that their methods can inform conservation. We 
discuss problems in their statistical analyses and explain why the concept of 
“genomic vulnerability” needs further validation before application to real-world 


conservation problems. 


rganisms respond to environmental change 

through multiple mechanisms (J), includ- 

ing adaptation, but incorporating evolution 

into climate change impact assessments 

remains an elusive goal. Fitzpatrick and 
Keller (2) proposed estimation of a “genetic offset” 
as a predictive measure of how much locally 
adapted alleles will be perturbed from their cur- 
rent frequencies within a population for a given 
magnitude of environmental change, and sug- 
gested that this might serve as a metric of climate 
change vulnerability for long-lived, sessile organ- 
isms. Evidence that genetic offsets reflect changes 
in fitness associated with environmental change 
would help to validate this concept, but whether 
genomic variation across space can be used to 
estimate the amount of evolutionary change re- 
quired to maintain adaptation through time re- 
mains untested. 

Bay et al. (3) did not attempt to validate the 
genetic offset concept (which they refer to as 
“genomic vulnerability”); rather, they associated 
future projections of genomic vulnerability with 
historical population trends for the yellow war- 
bler. They reported a weak but significant nega- 
tive relationship between historical population 
trends and future genomic vulnerability, and con- 
cluded that failure to adapt to climate change may 
already be having a negative impact on yellow 
warbler populations. However, Bay et al. did not 
estimate genomic vulnerability as a function of 
known historical climate trends, which would 
have allowed examination of whether genomic 
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vulnerability reflects population changes in re- 
sponse to climate change. Nor did they test 
whether “future climate change is correlated with 
recent [climate] shifts,” which they pose as a key 
assumption underlying their expectation that 
recent climate change has “already negatively 
affected populations with high [future] genomic 
vulnerability.” 

We compared historical and future climate 
trends and found little evidence to support their 
assumption that historical and future climate 
shifts are related (Fig. 1). In addition, they mention 
“regional drying” as potentially driving popula- 
tion declines, but their measure of precipitation 
[BIO13; precipitation of the wettest month (4)] is 
expected to increase in the future at nearly all 
locations where yellow warblers have been ob- 
served (Fig. 1; BIO13 future anomalies > 100%). It 
is conceivable that yellow warblers could respond 
negatively to increases in precipitation, or sim- 
ilarly to historical and future climate changes 
even if these are unrelated. However, predicting 
future climate-driven population dynamics based 
on historical associations ideally should first in- 
volve evaluation of relationships between popu- 
lation trends and historical climate. Although this 
claim is implied by the title of the paper, Bay et al. 
did not test whether “genomic signals of selection 
predict climate-driven population declines.” 

We also question the effect of neutrality on their 
estimates of genomic vulnerability, which Bay et al. 
based on all single-nucleotide polymorphisms 
(SNPs) with r? > 0 in gradient forest (5) models— 
a total of approximately 8000 SNPs. No attempt 
was made to correct for population structure 
or to select a subset of candidate SNPs based 
on a priori knowledge. We are concerned that a 
genome-wide test of association with environ- 
ment could identify selectively neutral signals 
that are unrelated to local adaptation, because 
autocorrelation in allele frequencies can lead to 
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false-positive neutral loci. Therefore, their ge- 
nomic vulnerability estimates likely include sig- 
nals of neutral genetic variation, such as isolation 
by distance, declines in population size, or his- 
torical movement, especially if genetic variance 
in allele frequencies due to neutral population 
structure aligns with environmental gradients 
(6, 7). This appears to be the case for yellow war- 
blers, especially along longitude and covarying 
aspects of the environment (precipitation). Includ- 
ing neutral variation will influence relationships 
between environmental gradients and allele fre- 
quencies that underlie the predictions of genomic 
vulnerability, such that they no longer character- 
ize a putative change in adaptive associations 
with the environment. 

We further question the robustness of the fitted 
relationship between population trend and ge- 
nomic vulnerability [figure 2C in (3)] upon which 
Bay et al. base their primary conclusions. Yellow 
warblers have been detected at approximately 
3700 Breeding Bird Survey routes (8), although 
not all routes have enough data to estimate trends. 
However, when fitting the relationship between 
population trend and genomic vulnerability, 
Bay et al. generated 100,000 random locations 
and used these to extract (i) estimates of popu- 
lation trends based on spatially interpolated 
Breeding Bird Survey data and (ii) predictions of 
genomic vulnerability based on data from 21 
populations. This pseudo-sampling treats extrap- 
olations as observations, artificially inflates their 
sample size, and could exacerbate spatial non- 
independence in the data while increasing the 
likelihood of finding a significant relationship. 
An appropriate approach would be to compare 
predicted genomic vulnerability based on histor- 
ical climate data to population trends at survey 
locations where population data were collected. 
Establishing this historical relationship first 
would then support (or not) making future pro- 
jections and associated inferences regarding pop- 
ulation declines and climate adaptation. 

Bay et al. provide an exciting example of how 
we want to use genomics to understand local 
adaptation and inform conservation. However, 
even if the authors had addressed our concerns 
regarding their analyses, it remains an open ques- 
tion under what conditions and assumptions 
genetic offsets might provide reliable estimates 
of vulnerability to climate change. Like all space- 
for-time analyses and gene-environment associ- 
ations, genetic offsets are inherently correlative. 
The key assumption is that after correcting for 
neutral population structure, correlations between 
allele frequencies and environmental gradients 
reflect current patterns of local selection and 
relative fitness. Population genetic theory predicts 
that allele frequencies will evolve on the land- 
scape to a migration-selection balance (9-12). 
Therefore, an assumption that the observed 
allele frequencies at a particular environment 
reflect fitness may not always hold. A failure to 
test and meet this assumption makes it difficult 
to justify the use of genomic signals as predictors 
of climate-driven population declines. Further 
testing and validation are needed to verify the 
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Fig. 1. Comparison of historical versus future climate anomalies at 3731 
Breeding Bird Survey routes where yellow warblers have been detected. 
The plots show that according to the variables used by Bay et al. (3) 

to estimate genomic vulnerability, the way in which climate changed during 
the period when the yellow warbler population data were collected (1966 to 
2013) has little relationship to the expected future changes in climate 
(2050, as defined by representative concentration pathway RCP2.6 of the 
Intergovernmental Panel on Climate Change). Historical anomalies were 
estimated using the CRU 4.01 climate dataset (14) by calculating changes 


in average climate between the first (1966-1975) and last (2004-2013) 
decades of the Breeding Bird Survey population trend data (8). Future 
anomalies were estimated using the same current and future climate data 
(4) used by Bay et al. Temperature anomalies were calculated by subtracting 
older values from newer values, whereas precipitation anomalies are 
percentages calculated by dividing newer values by older values. BIO2, mean 
diurnal range; BIO3, isothermality; BIO8, mean temperature of wettest 
quarter; BIO10, mean temperature of warmest quarter; BIO13, precipitation 
of wettest month; BIO15, precipitation seasonality. 


extent to which genetic offsets reflect changes 2. 


in fitness expected in new environments. Robust 
validation of this concept—ideally through the 
combined application of population genetic sim- 
ulations and empirical experiments—is essential 
before genetic offsets can be considered “an impor- 
tant tool for making more-informed conservation 
decisions” (3) or “a powerful tool for estimating 
genomic vulnerability to climate change” (13). 
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Response to Comment on 
“Genomic signals of selection 
predict climate-driven population 
declines in a migratory bird” 


Rachael A. Bay”?*, Ryan J. Harrigan’, Wolfgang Buermann’”*, Vinh Le Underwood’, 
H. Lisle Gibbs*, Thomas B. Smith’, Kristen Ruegg’® 


Fitzpatrick et al. discuss issues that they had with analyses and interpretation in our recent 
manuscript on genomic correlates of climate in yellow warblers. We provide evidence 
that our findings would not change with different analysis and maintain that our study 
represents a promising direction for integrating the potential for climate adaptation as one 


of many tools in conservation management. 


n our recent study, we examined climate- 

associated genomic variation in a migratory 

songbird, the yellow warbler (7). We identi- 

fied genetic variation associated with climate 

variables and estimated the distance between 
current and future genomes needed to maintain 
the currently observed relationships, a metric we 
termed “genomic vulnerability.” Fitzpatrick et al. 
(2) present concerns regarding some of our meth- 
odology, and we respond to these concerns be- 
low. Specifically, we detail why Fitzpatrick et al. 
do not provide compelling evidence that our find- 
ings or conclusions would change had we ana- 
lyzed the data in a different manner. 

We used Breeding Bird Survey (BBS) data (3) 
to show a correlation between genomic vulner- 
ability and recent population trends. This com- 
parison relies on two datasets spanning different 
time periods, and we were therefore necessar- 
ily cautious with wording: We stated “If future 
climate change is correlated with recent shifts 
(for example, if regional drying over the last 
century in some regions will continue and be- 
come more severe)...” Fitzpatrick et al. pointed 
to this as erroneous, suggesting that the majority 
of the range will experience increased precipita- 
tion. Although this was a hypothetical example, 
precipitation predictions vary widely among cli- 
mate models. In our ensemble model, more than 
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70% of the breeding range should experience 
summer drying between now and 2050, con- 
sistent with our claim (Fig. 1). 

Detecting the emergence of a robust climate 
change signal at local levels in the historical pe- 
riod presents many challenges (e.g., data quality, 
natural variability, small signal-to-noise ratio); 
consequently, climate scientists often depend on 
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model studies to detect such signals (4). Our logic 
for discussing future climate trends and recent 
declines together is that we have no reason to 
believe that the present is a turning point in any 
climate change trajectory. This idea is echoed in 
climate science publications. Duffy and Tebaldi 
(5), for example, state that “the changes ahead 
appear of increasingly larger magnitude, con- 
sistent with a warming climate...similar to what 
already appears in observations and historic 
model simulations.” Likewise, a special report by 
the Intergovernmental Panel on Climate Change 
(IPCC) (6) states that “there is medium confidence 
that droughts will intensify in the 21st century in 
some seasons and areas, due to reduced precip- 
itation and/or increased evapotranspiration” and 
points to central North America as one region in 
which this is expected to occur. These studies 
support our assumption regarding the direction- 
ality of the climate change trajectory, but it is 
important to note that a formal analysis of this 
idea is nontrivial. 

Fitzpatrick et al. attempt to test this assump- 
tion and report that historical and future climate 
changes are not correlated, but we have several 
concerns with their analysis. First, the signal-to- 
noise ratio in historical climate data is high, 
which makes robust estimates of rates of change 
over the past half century challenging. Second, 
they leave out our top (most predictive of genetic 
variation) variable, precipitation of the warmest 
quarter (BIO18), without explanation. Third, their 
analysis of historical and future climate change 
fails to account for the resolution of available 


-100 


Longitude 


Fig. 1. Change in precipitation of the warmest quarter (BIO18) from normal BIOCLIM estimates 
(1961-1990) to estimates for 2050 across the yellow warbler range. Future estimates are for 
IPCC representative concentration pathway RCP2.6 based on an ensemble average of 19 different 
climate models. On the basis of this model average, regions shown in red will experience less 
precipitation in future years, whereas regions shown in blue will experience more. 
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historical data. The authors base historical climate 
measures on the CRU 4.01 dataset, which has a 
resolution of 0.5° x 0.5° (7). In North America, 
this equates to roughly 50 km x 50 km, a spa- 
tial resolution far too coarse for the analyses they 
present. One of Fitzpatrick et al.’s main concerns 
was with the resolution at which we analyzed 
the correlation between population trend and 
genomic vulnerability (although a reanalysis 
based on BBS route locations yielded nearly 
identical results: generalized additive model R? = 
0.10, P = 0.006), but their reanalysis suffers a 
similar issue. Because of the coarse resolution of 
the historical climate data, multiple BBS routes 
(up to nine) are located within a single climate 
pixel, resulting in pseudo-replication (Fig. 2). 


Further, the authors do not appear to account 
for spatial autocorrelation. The lack of high- 
resolution historical climate data was the very 
reason we chose to analyze the data as two sepa- 
rate time periods. Further, the linear correlation 
used by Fitzpatrick et al. may not be warranted, 
given that climate change is likely to follow an 
exponential trajectory, with future changes being 
much larger than past changes. Differences in 
means between the 1960s and 2010s therefore 
might not accurately reflect the rate of climate 
change, especially in recent decades. A robust 
test of whether past climate trends are indica- 
tive of future ones would be welcome and could 
provide valuable insights relevant to climate 
adaptation. 


Fig. 2. Example of pseudo-replication from Fitzpatrick et al. The underlying map shows mean 
annual temperature from 2001 to 2010 from the CRU 4.01 climate database, which has a resolution 
of approximately 50 km x 50 km at this latitude. Overlaid on this map are the BBS routes used 

by Fitzpatrick et al. to determine correlations between past and future climate. Of the 3257 routes 
along which breeding yellow warblers were found in the past decade, only 2234 of these are located in 
unique pixels as a result of pseudo-replication created using these coarse-scale historical layers. We 
counted as many as nine BBS routes being given the exact same climate value when using these two 
sources of information, and counted an average of 1.67 routes per pixel of data, nearly doubling 
the apparent unique values used in figure 1 of Fitzpatrick et al. 
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Another issue that Fitzpatrick et al. bring up 
is the potential confounding effects of neutral 
loci. The question of false positives and their im- 
pact on downstream inference has been an issue 
throughout the history of population genetics and 
genomics (8, 9). Unlike Fitzpatrick and Keller’s 
earlier paper (10), we did not have a priori single- 
nucleotide polymorphisms associated with adap- 
tation. This is because birds, like many species 
threatened by climate change, are not amenable 
to large-scale controlled experiments. Although 
false positives almost certainly exist in our (and 
most other) genome scans, the assumption is 
that signal overwhelms noise. Improvements in 
genome scan methods for detecting adaptation 
have been made in recent years, but perfecting 
such methods remains one of the more promi- 
nent challenges to population genomic studies 
in natural systems (8, 11). 

The ability to examine climate-associated ge- 
netic variation has led to many exciting findings 
and promising methods for integrating genomics 
into conservation. We agree that caution should 
be taken when applying these approaches to con- 
servation, and that tests validating such findings 
are a necessary next step. However, we feel that 
our findings are robust to the issues raised by 
Fitzpatrick et al., and we maintain that an under- 
standing of adaptive capacity is one of many 
important tools that managers need to conserve 
species. It is important to remember that climate 
change is happening now, with one in every six 
species at risk of climate change-driven extinc- 
tion (72). The sooner that we as scientists can 
work together to improve methods for incor- 
porating adaptive capacity into management 
plans, the more likely we will be to stem global 
biodiversity loss in the face of climate change. 
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Modulation without surgical intervention 


Noninvasive deep brain stimulation can be achieved via temporally interfering electric fields 


By Nir Grossman 


multitude of brain disorders have 
debilitating impacts on the quality 
of life of a large patient populace, 
accounting for ~30% of the global 
burden of disease (7). Most patients 
with brain disorders are unamenable 
to any form of treatment when first- and 
second-line interventions are ineffective 
(2, 3). Neuromodulation technologies 
can help millions of patients who 
suffer from such brain disorders. 

Deep brain stimulation (DBS) 
has proven highly effective in 
treating Parkinson’s disease and 
obsessive-compulsive disorder (4) 
and shows great potential for other 
conditions, such as depression (5). How- 
ever, being a surgical procedure, the deploy- 
ment of DBS is limited by the potential for 
complications (6). 

Transient noninvasive brain stimulation 
methods, such as transcranial magnetic 
stimulation (TMS) (7) and transcranial elec- 
trical stimulation (TES) (8), have been used 
in many human clinical and neuroscientific 
investigations. However, the ability of TMS 
or TES to directly stimulate deeper brain 
structures is achieved at the expense of in- 
ducing stronger stimulation of the overlying 
cortical areas, resulting in wider stimulation 
of these areas, which may approach the lim- 
its of safety guidelines (9). Recently proposed 
methods for noninvasive DBS, for example, 
using transcranial ultrasound (JO) or the ex- 
pression of heat-sensitive receptors and in- 
jection of thermomagnetic nanoparticles (1), 
may have limited immediate use in humans 
owing to the poorly understood mechanism 
of action (72) and the need to genetically ma- 
nipulate the brain, respectively. 


TEMPORAL INTERFERENCE: A NEW 
METHOD OF BRAIN STIMULATION 

We recently discovered a strategy for 
sculpting electrical fields to enable fo- 
cused yet noninvasive neural stimulation 
at depth (13). By delivering multiple elec- 
tric fields to the brain at slightly different 
frequencies within the kHz range—which 
are themselves too high to recruit effective 
neural firing, but for which the difference 
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frequency is sufficiently low to drive neu- 
ral activity—neurons can be electrically 
activated at a selected focus without driv- 
ing neighboring or overlying regions. We 
call this method temporal interference 
(TI) stimulation, because the interference 
of multiple electric fields is what enables 
the focality. 

We validated that interferometrically 
generated low frequencies could effec- 
tively drive neural activity by apply- 
ing transcranial TI stimulation to 

anesthetized mice and recording 
the responses using a whole-cell 
patch-clamp technique. We found 
that neurons followed the low- 
frequency envelope of the electric 
fields but not the high-frequency 
carrier. For example, neurons experienc- 
ing 2 kHz and 2.01 kHz would fire at the 
difference frequency, 10 Hz, but were un- 
responsive to the 2-kHz carrier frequency. 


TI CAN TARGET SUBCORTICAL 
STRUCTURES WITHOUT STIMULATING 

THE OVERLYING CORTEX 

To test whether this method can be used 
to recruit deep brain structures without 
recruiting the overlying neural layers, we 
applied transcranial TI stimulation and 


control stimulation conditions to the hip- 
pocampus of anesthetized mice and sub- 
sequently measured the brain activation 
profile by staining for the immediate-early 
gene c-fos. We found that 10-Hz transcra- 
nial stimulation resulted in very broad 
c-fos expression profiles, with strong acti- 
vation in the cortex and hippocampus. By 
contrast, transcranial application of 2 kHz 
+ 2.01 kHz TI stimulation, with an enve- 
lope amplitude peak deeper than the cor- 
tex, resulted in c-fos expression only in the 
hippocampus with no appreciable neural 
activation in the cortex. 


MOTOR CORTEX ACTIVATION CAN BE 

ADJUSTED WITHOUT MOVING ELECTRODES 
To determine whether TI stimulation can 
evoke a behavioral response, we stimulated 
the forelimb region of the motor cortex of 
the anesthetized mice and measured the 
evoked motor activity. We found that si- 
multaneous application of two currents, 
ie., J1 and J2, at the same frequency of 2 
kHz did not evoke motor activity. However, 
when the frequency of current J1 was set 
to 2.001, 2.005, or 2.01 kHz while keeping 
the frequency of current /2 fixed at 2 kHz, 
the stimulation evoked movement in the 
contralateral forelimb at the difference fre- 
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quencies of 1, 5, and 10 Hz, respectively. 

To test whether the evoked movement 
could be adjusted without physically mov- 
ing the electrodes, we systematically in- 
creased the current /1 above the forelimb 
area of the motor cortex and decreased 
the current /2 above the whisker area of 
the contralateral motor cortex, keeping 
the current sum (/1+/2) fixed. We found 
that the movement amplitude of the con- 
tralateral paw decreased and that of the 
contralateral whisker increased. When /1 
was larger than /2, the stimulation evoked 
a movement in the whisker ipsilateral to 
I electrodes, with stronger movements 
evoked as the amplitude of /1 increased 
compared with /2. This suggests that the 
steering effect anticipated in our model 
(13) could indeed be realized in vivo. 


SEARCHING FOR A MECHANISM 
The intrinsic low-pass filtering of the 
neural membrane, which renders high- 
frequency depolarization ineffective (14), 
explains the lack of electrophysiologi- 
cal effect by kHz-frequency electric fields 
without TI. Future studies may investi- 
gate whether low-pass filtering changes at 
higher field magnitudes, addressing ear- 
lier reports that very strong kHz-frequency 
electric fields (one to two orders of magni- 
tude stronger than those used in our study) 
can block the propagation of compound 
action potentials in peripheral nerves (75). 
The intrinsic low-pass filtering of the 
neural membrane alone cannot explain 
the ability of temporally interfering kHz- 
frequency electric fields to drive neural ac- 
tivity, because it would equally attenuate 
the low-frequency changes in the envelope 
amplitude of the superimposed fields (16). 
In this case, a nonlinear response to the 
electric fields (17) can give rise to new field 
components, including an electric field 
component that oscillates at the difference 
frequency. Such a low-frequency electric 
field would not be attenuated by the intrin- 
sic low-pass filtering of the neural mem- 
brane and might be rectified, for example, 
by ion-channel dynamics (78). 


FOCAL PRECISION AND TI STIMULATION 

In contrast to traditional electrical stimu- 
lation, the stimulus location (i.e., the peak 
envelope modulation) of temporal interfer- 
ence depends on the relative amplitude and 
orientation of the applied currents. Thus, by 
varying the relative currents and locations 
of the electrode pairs, essentially any point 
within a three-dimensional volume could 
be targeted for peak envelope modulation, 
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Temporal interference (Tl) brain stimulation concept. 
Current /1 and current /2 are applied simultaneously 
to the head via two electrically isolated pairs of 
electrodes (blue and black rectangles, respectively) 
at kHz frequencies /1 and 72, which are higher than 
the range of frequencies of normal neural operation 
but with a small difference Af=/l - 72 that is within 
the range of frequencies of normal neural operation. 
The applied currents /1 and J2 create electric fields 
El(x,y,2,t) and £2(x,y,2,t) inside the brain (blue and 
black arrows, respectively) that are superimposed 

by the neurons. The superposition field, that is, #1 
(x,y, 2,t)+E2(x,y,2,t), has an envelope amplitude 
that is modulated periodically at a frequency that is 
equal to the difference frequency Af, sufficiently low 
to drive neural activity. The peak amplitude of the 
envelope modulation can be focused in depth. 


albeit with a trade-off between the locus 
depth and its width and strength. For exam- 
ple, steering the peak envelope modulation 
to the center of a cylindrical tissue phantom 
(a petri dish filled with a saline solution) 
resulted in an envelope locus (i.e., distance 
out to 1/e of the envelope maximum) that 
was approximately twice as large and with a 
peak envelope amplitude one-tenth of that 
obtained when the peak envelope modula- 
tion was steered to a location near the sur- 
face of the phantom. In the future, it might 
be possible to pinpoint smaller regions of 
the brain by using a larger number of inter- 
fering kHz-frequency electric fields, contin- 
gent on a similar neural response to those 
individual fields. 


TI STIMULATION AND HUMAN SUBJECTS 

Currently, TI stimulation cannot match the 
spatial resolution of implantable DBS at 
depth. Preliminary finite element method 
modeling of TI fields in human anatomical 
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models shows that the TI stimulation locus 
can be roughly localized in large subcorti- 
cal structures (e.g., the hippocampus) or 
in subcortical structures with preferential 
current pathways (e.g., the anterior cingu- 
late cortex), but cannot be localized in very 
small and deep brain structures, such as 
the subthalamic nucleus. 

In addition, TI stimulation requires 
large current amplitudes to achieve supra- 
threshold stimulation of deep brain struc- 
tures noninvasively. In the future, it might 
be possible to achieve tighter focus and 
stronger TI locus at depth with a subdural 
electrode configuration that bypasses the 
current shunting at the scalp-skull inter- 
face (19). A minimally invasive configura- 
tion might be advantageous in clinical 
applications, such as in Parkinson’s dis- 
ease, that require continuous stimulation. 

In summary, TI is a new brain stimula- 
tion modality whereby neural activity can 
be modulated by the application of mul- 
tiple kHz-range electric fields. We have 
shown that TI stimulation can drive action 
potential activity in the live brain, recruit 
deep brain structures without the overly- 
ing cortical layer, and functionally map a 
brain region without physically moving 
the electrodes. We hope that the fact that 
TI stimulation uses well-known electrical 
fields and does not require chemical or 
genetic manipulation of the brain tissue 
will help speed up its clinical deployment, 
where it may benefit the large patient pop- 
ulation in need of neural therapy. 
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NEUROMODULATION 


Probing new targets for 
movement disorders 


Genetic road maps pave the way to repairing basal 
ganglia function in Parkinson's disease 


By Aryn Gittis 


wo Parkinson’s patients receive 
deep brain stimulation (DBS) in 
their subthalamic nuclei. Despite 
accurate electrode placement, one 
patient is able to stand up and walk 
effortlessly around the room while 
the other breaks down into uncontrolled 
sobbing that only stops once the stimu- 
lator is turned off. This paradox exposes 
one of the major roadblocks in developing 
therapies for brain disorders: the elabo- 
rate and diffuse nature of neural circuits. 

Physically proximal neurons are often 
engaged in functionally different path- 
ways; whereas modulation of one 
pathway might be therapeutic, 
modulation of those surround- 
ing it may produce debilitating 
side effects. The problem with 
high-amplitude electrical stimu- 
lation, as applied during DBS, is 
that it affects not only the activ- 
ity of neurons around the electrode, but 
also the activity of neurons whose long ex- 
tensions happen to pass by the electrode. 
In some cases, this leads to off-target re- 
cruitment of nontherapeutic circuits that 
mask or negate the potential benefits of 
stimulation. 

Does this mean that therapeutic effi- 
cacy will forever be limited by the physi- 
cal restrictions of electrical stimulation? 
Thanks to biology, the answer is no. Spa- 
tially, neural circuits are nearly impossible 
to delineate, but genetically, they are orga- 
nized along well-defined road maps that 
can be used to deliver therapies with a 
high degree of specificity. 

My lab studies the organization of these 
genetic road maps in the basal ganglia, a 
primary structure associated with motor 
symptoms in Parkinson’s disease. This re- 
search into the basic biology of the basal 
ganglia led us to the discovery of cellular 
targets where focused interventions can 
induce long-lasting recovery of movement 
in a mouse model of Parkinson’s disease. 


Department of Biological Sciences, Carnegie Mellon University, 
Pittsburgh, PA 15213, USA. Email: agittis@cmu.edu 
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THE GLOBUS PALLIDUS AS A NEW TARGET 
FOR THERAPEUTIC INTERVENTION 

Motor symptoms of Parkinson’s disease 
are caused by aberrant activity of neurons 
in the basal ganglia, a tangle of intercon- 
nected brain nuclei that shape voluntary 
movement. Teasing apart the neural cir- 
cuitry is not unlike the game pick-up 
sticks, in which a bunch of colored sticks 
are heaped in a pile on the floor and play- 
ers must figure out how to remove them 
one by one, without bringing the whole 
pile crashing down. 

Fortunately, we already know a bit about 
how the basal ganglia are organized. They 
consist of two parallel pathways that exert 
opposing effects on movement: The 
“direct pathway” facilitates move- 

ment and the “indirect pathway” 

suppresses movement (J, 2). The 

cellular architecture of the direct 

pathway is straightforward—sig- 

nals pass directly from the input 
nucleus to the output nucleus. But 
the cellular architecture of the indirect 
pathway is more complex—signals pass 
through multiple intermediary nuclei on 
their way from the input nucleus to the out- 
put nucleus. One of these intermediary nu- 
clei, the subthalamic nucleus (STN), is the 
primary target for DBS. 

However, in fixating on the therapeutic 
potential of the STN, other components 
of the indirect pathway have become ne- 
glected, particularly the STN’s neighbor, 
the external globus pallidus (GPe). This 
oversight motivated our study, which be- 
gan as an investigation into the basic cir- 
cuitry of the GPe and culminated in the 
discovery of its potential as a therapeutic 
node to induce long-lasting motor rescue 
in Parkinson’s disease. 


A FIRST ATTEMPT AT TARGETED 
STIMULATION FAILS 

In the parkinsonian state, induced in mice 
by lesioning dopamine neurons with a toxin 
called 6-hydroxydopamine (6-OHDA), fir- 
ing rates of GPe neurons are suppressed. 
Reversing this effect should alleviate mo- 
tor deficits (7, 2). Although straightforward, 
this hypothesis has been challenging to test 
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experimentally because electrical stimula- 
tion in the GPe excites fibers of passage and 
recruits off-target circuits. 

To circumvent this problem, we used an 
approach called optogenetics, where re- 
combinant DNA encoding a light-sensitive 
ion channel (channelrhodopsin 2, ChR2) is 
delivered to GPe neurons by viral transfec- 
tion, effectively giving us control over neu- 
ral activity with the flick of a light switch 
(3). However, when we used this technique 
to increase the firing rates of GPe neu- 
rons in parkinsonian mice, we found that 
this intervention had no effect on motor 
symptoms. 

At face value, this negative result seemed 
to contradict long-standing assumptions 
about how the basal ganglia worked. But, 
everyone who has ever done an experiment 
knows that there are many reasons that 
they may not work. So, we felt it wise to 
interpret this result with a healthy dose of 
caution and performed a series of follow- 
up experiments. 

First, we confirmed with in vivo record- 
ings that GPe neurons were excited by 
our optogenetic stimulation (they were). 
Second, we confirmed that motor deficits 
were reversed by using an alternative opto- 
genetic intervention—stimulating motor- 
facilitating “direct pathway” neurons (4) 
(they were). 

Taken together, these results demon- 
strated a need to revise long-standing 
assumptions about the GPe’s impact on 
behavior and prompted a deeper investiga- 
tion into its neural circuitry. 

What assumptions had we made about 
the GPe that were incorrect? For one thing, 
by activating all GPe neurons at the same 
time, we were making an assumption 
that all GPe neurons were the same, even 
though we knew that this was not the case. 

In our previous work, we had discovered 
that GPe neurons could be genetically sub- 
divided into populations that differed ana- 
tomically and electrophysiologically (5). 
Could these genetic subdivisions provide 
a key to understanding what the GPe was 
doing functionally? 
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STIMULATION OF PARVALBUMIN- 
ENRICHED CELLS RESTORES 
MOBILITY IN PARKINSONIAN MICE 
If genetic subdivisions were indicative of 
functional heterogeneity, we predicted that 
restricting ChR2 expression to a single-cell 
population might produce a better effect 
on behavior. To test this hypothesis, we re- 
peated our behavioral rescue experiments, 
but this time, expressed ChR2 in only a sub- 
set of GPe neurons: those enriched with a 
molecule called parvalbumin (PV-GPe) (6). 
Remarkably, this cell-specific interven- 
tion produced dramatically different be- 
havioral results than global stimulation: 
Parkinsonian mice that had been almost 
completely immobile before stimulation be- 
gan to move around the testing arena and 
by the end of stimulation, were moving at 
rates approximating those seen in healthy 
controls. The most striking feature of this 
behavioral rescue was that it persisted long 
after stimulation was turned off. Mice re- 
ceiving cell-specific stimulation in the GPe 
continued moving for the duration of our 
4-hour experiment (and possibly longer), 
far exceeding the therapeutic duration of 
current treatments, including DBS (7, 8). 
One possible interpretation is that this 
cell-specific GPe intervention wasn’t simply 
masking motor symptoms, but rather was 
reinstating network function and by exten- 
sion, restoring motor control. 


REPAIRING FUNCTION, NOT MASKING 
DYSFUNCTION 

Evidence that transient interventions in 
the GPe can reinstate basal ganglia output 
comes from electrophysiological record- 
ings. Basal ganglia output neurons nor- 
mally fire constantly with great regularity, 
but after dopamine depletion, their firing 
becomes irregular and bursty (9). These 
aberrant firing patterns interfere with in- 
formation encoding and contribute to mo- 
tor impairments in Parkinson’s disease (8). 
Cell-specific intervention in the GPe (but 
not global stimulation of the entire nucleus) 
attenuated pathological bursts and regular- 
ized firing of basal ganglia output neurons 
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for hours after stimulation, persisting for 
the duration of our 4-hour experiment. 

Discovering strategies to repair, not sim- 
ply mask, circuit dysfunction is the next 
frontier in brain therapeutics. The discov- 
ery of genetically defined cell types, where 
targeted interventions restore basal ganglia 
function and rescue movement in a mouse 
model of Parkinson’s disease, represents an 
important step in this direction. 


SIGNIFICANCE FOR FUTURE THERAPEUTICS 
Widespread use of optogenetics in humans 
is still years away, so are there other ways 
that our work could have a clinical impact? 
Current stimulation protocols for DBS 
(high amplitude, high frequency) are deliv- 
ered with the goal of overriding aberrant 
signals from the basal ganglia that impair 
movement. However, knowledge about the 
underlying biological circuits can be used 
to develop more refined, effective DBS 
interventions. 

Six years ago, a proof-of-concept study 
in humans demonstrated that a modified 
DBS protocol (“coordinated reset,’ CR- 
DBS), designed on the basis of predictions 
about basal ganglia circuitry, provides long- 
lasting therapeutic effects (0). Although we 
do not yet know whether CR-DBS engages 
mechanisms similar to those underlying our 
cell-specific stimulation in the GPe, both 
interventions converge upon a common 
mechanism: restoring basal ganglia out- 
put physiology. Future work will determine 
whether these interventions share a com- 
mon therapeutic mechanism, or whether 
there are multiple pathways through which 
long-lasting rescue can be achieved. 
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OPTICAL SEISMOLOGY 


Submarine fiber optic earthquake detection 


Plant-shoot stem 


cell location 
Zhou et al., p. 502 


Asubséa-cable 
coiled on-board 

a ship, ready 
for deployment 


eismic networks detect earthquakes and are common on continents, where they are easy 

to install. However, most of Earth's surface is under the oceans, where placing seismometers 

is difficult. Marra et al. now find that ordinary submarine telecommunication cables can 

be used to detect earthquakes. Small strain changes associated with the passage of seismic 

waves were detected with laser light sent through in-use fiber optic cables by ultrastable 
lasers. This strategy could turn intercontinental fiber optic cables into ocean-bottom strain 
sensors, dramatically improving our ability to record earthquakes. —BG 


Science, this issue p. 486 


PALEOCLIMATOLOGY 
Falling from a fall 
in rainfall 


How much did rainfall have to 
decrease to trigger the col- 
lapse of Lowland Classic Maya 
civilization during the Terminal 
Classic Period? This collapse is 
a well-cited example of how past 
climate change—in this case, 
drought—can disrupt a popula- 
tion. Evans et al. measured the 
isotopic composition of water in 
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Lake Chichancanab, Mexico, to 
quantify how much precipitation 
decreased during that period. 
Annual rainfall must have fallen 
by around 50% on average 

and by up to 70% during peak 
drought conditions. —HJS 


Science, this issue p. 498 


SUPERCONDUCTIVITY 


Cranking up the field 
Cuprate superconductors have 
many unusual properties even 


in the “normal” (nonsuper- 
conducting) regions of their 
phase diagram. In the so-called 
“strange metal” phase, these 
materials have resistivity that 
scales linearly with temperature, 
in contrast to the usual qua- 
dratic dependence of ordinary 
metals. Giraldo-Gallo et al. now 
find that at very high magnetic 
fields—up to 80 tesla—the 
resistivity of the thin films of a 
lanthanum-based cuprate scales 
linearly with magnetic field as 
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well, again in contrast to the 
expected quadratic law. This 
dual linear dependence presents 
a challenge for theories of the 
normal state of the cuprates. 
—JS 


Science, this issue p. 479 


HUMAN GENOMICS 
The genetics of human 
short stature 


Flores Island in Indonesia has a 
long history of hominin occupa- 
tion, including by the extinct 
Homo floresiensis and a more 
recent settlement by modern 
humans. Furthermore, Flores has 
an extant population of pygmy 
humans, and H. floresiensis 
exhibited a diminutive adult size 
relative to other hominins. Tucci 
et al. examined genetic variation 
among 32 individuals, includ- 
ing 10 sequenced genomes, 
from a population of pygmies 
living close to the cave where H. 
floresiensis remains were discov- 
ered. These individuals exhibit 
signatures of polygenic selection 
explaining the short stature and 
have genomic content from both 
Neanderthals and Denisovans, 
but no additional archaic lin- 
eages. Thus, restricted height is 
under selection at this location 
and has evolved independently 
at least twice in hominins. —LMZ 
Science, this issue p. 511 


SYNTHETIC BIOLOGY 
Hands-on biology 


education kits 


Synthetic biology is a defining 
technology of the 21st cen- 
tury. Implementing hands-on 
synthetic biology in teaching 
environments is challenging 
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because specialized equipment 
and expertise are needed to 
grow living cells. Huang et al. 
developed two shelf-stable “just 
add water” synthetic biology 
education kits using freeze-dried 
cell-free (FD-CF) reactions. The 
inexpensive kits are designed to 
engage the sense of sight, smell, 
and touch. The kits establish 
an educational platform for 
implementing FD-CF reactions 
in classrooms and other low- 
resource environments. —NAP 
Sci. Adv. 10.1126/ 
sciadv.aat5105 (2018). 


Fluctuating selection 
in nature 


Natural environmental variation 
can lead to individuals within a 
species experiencing different 
selective parameters. Seep 
monkeyflower (Mimulus gutta- 
tus) populations are constrained 
by local moisture availability and 
the onset of summer drought. 
This results in a selective trade- 
off between the amount of seed 
set, which is determined by plant 
size, and the timing of reproduc- 
tion. Troth et al. sequenced and 
phenotyped 187 M. guttatus 
plants and identified genetic vari- 
ants associated with plant and 
flower size and rapid flowering. In 
wild populations surveyed over 
3 years, the magnitude of selec- 
tion changed depending on the 
rainfall patterns. Thus, fluctuating 
selection may maintain genetic 
variation in this species. —LMZ 
Science, this issue p. 475 


Monkeyflower, Mimulus guttatus 
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Liquid water under Mars’ 
southern ice cap 


Mars is known to host large 
quantities of water in solid or 
gaseous form, and surface 
rocks show clear evidence 
that there was liquid water 
on the planet in the distant 
past. Whether any liquid water 
remains on Mars today has 
long been debated. Orosei et 
al. used radar measurements 
from the Mars Express space- 
craft to search for liquid water 
in Mars’ southern ice cap (see 
the Perspective by Diez). They 
detected a 20-km-wide lake of 
liquid water underneath solid 
ice in the Planum Australe 
region. The water is probably 
kept from freezing by dissolved 
salts and the pressure of the ice 
above. The presence of liquid 
water on Mars has implications 
for astrobiology and future 
human exploration. —KTS 
Science, this issue p. 490; 
see also p. 448 


New life for lungs 
Lungs are complex organs 
to engineer: They contain 
multiple specialized cell types 
in an extracellular matrix with 
a distinctive architecture 
that must maintain integrity 
during respiration. Nichols 
et al. tackled the challenges 
of vascular perfusion, recel- 
lularization, and engraftment 
of tissue-engineered lungs in 
clinically relevant pig model. 
Nanoparticle and hydrogel 
delivery of growth factors pro- 
moted cell adhesion to whole 
decellularized pig lung scaf- 
folds. Autologous cell-seeded 
bioengineered lungs showed 
vascular perfusion via collateral 
circulation within 2 weeks after 
transplantation. The trans- 
planted bioengineered lungs 
became aerated and developed 
native lung—like microbiomes. 
One pig survived for 2 months 
after transplant. This work 
brings tissue-engineered lungs 
closer to the realm of clinical 
possibility. —CC 

Sci. Transl. Med. 10, eaao3926 (2018). 
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Predicting 
esophageal cancer 
Barrett's esophagus (BE) is an 
abnormal change in the lining 
of the lower esophagus caused 
by stomach acid reflux injury. 
This is the biggest risk factor 
for esophageal cancer, although 
fewer than 1% of BE patients will 
develop cancer. Stachler et al. 
analyzed genomic changes in 
biopsy samples from almost 100 
patients with BE and monitored 
them for esophageal cancer for 
5 years. Patients who progressed 
to cancer showed more muta- 
tions than nonprogressors, 
particularly in the tumor sup- 
pressor gene TP53. Mutations 
were detected frequently before 
the onset of dysplasia in 46% 
of the progressors, but only 
in 5% of the nonprogressors. 
TP53 mutations in BE lesions 
increased the risk of developing 
esophageal cancer by almost 
14-fold. -MY 
Gastroenterology 10.1053/ 
j.gastro.2018.03.047 (2018). 
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Transit time inside 
a mosquito 


Dengue virus genetic varia- 
tion and ambient temperature 
influence the rate of transmis- 
sion by mosquitoes and thus 
the risk and magnitude of an 
outbreak. Virus in a blood meal 
within the vector mosquitos 
gut takes several days—roughly 
a quarter of the short life of an 
Aedes mosquito—to transition 
from the gut to the salivary gland, 
ready for inoculation into the 
next host. So, 1 day’s difference 
can mean success or failure for 
ongoing transmission. Fontaine 
et al. found that eight strains of 
recently circulating dengue virus 
have different gut—salivary gland 
transit times. In an agent-based 
model, this parameter translated 
into a roughly 20% difference in 
the probability of a subsequent 
human infection, with a Haitian 
strain being the slowest, resulting 
in smaller outbreaks. —CA 

PLOS Pathog. 10.1371/journal. 

ppat.1007187 (2018). 
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plot. Litterfall of flowers and 
fruits decreased by more than 
half during the first 4 years. 
After 10 years, where trees 
survived, the fall of reproductive 
parts recovered to levels that 
exceeded those in the control 
plot. It appears that prolonged 
stress can lead to restabilization 
of forest function. —AMS 

J. Ecol. 106, 1673 (2018). 


EDUCATION 
No gender differences 
in early math cognition 


en are overrepresented in 

STEM (science, technology, 

engineering, and mathematics) 

fields. One proposed reason 

is that men hold an intrinsic 
advantage over women in mathe- 
matical cognition. If such an intrinsic 
difference exists, it should be present 
early in child development. To address 
this question, Kersey et al. examined 
data from more than 500 children 
ranging in age from 6 months to 8 years 
across several tests of numerosity, 
counting, and elementary mathematics 
concepts. The authors found no differ- 
ences in mathematical performance 
between boys and girls in any of the 
ages tested. These data provide some 
of the strongest evidence yet that dif- 
ferences in STEM representation 
are unlikely to be due to intrinsic differ- 
ences in cognitive ability. -TSR 
NPJ Sci. Learn. 10.1038/ 


NEUROIMMUNOLOGY 
Hauling away 
injured neurons 


Microglia are specialized immune 
cells of the central nervous 
system that recognize and help 
remove defunct neurons during 
development. Norris et a/. asked 
whether microglia can curb injury 
after brain damage. Using a 
mouse model of optic nerve crush 
injury, they find that microglia 
produce complement proteins 

to help identify destroyed tissue. 
Activated microglia cleared 
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SOCIAL SCIENCE 
Differences promote 
spreading 

Infecting a human population 
with ideas or viruses depends 
on interpersonal contact. 
However, patterns of interac- 
tions can vary. For example, in 
the workplace, some people 
will regularly have their doors 
open in the afternoon, whereas 
others open their doors 
frequently for short periods 
throughout the day. Although 
it might seem that there would 
be one “optimal” pattern 

for diffusing information or 
spreading contagious disease 
within a population, Akbarpour 
and Jackson show, through 
simulations with random and 
real-world networks, that 
heterogenous patterns can 
favor spread. A combination 

of people who rarely alternate 
from being available or sus- 
ceptible to being unavailable or 
recovered with people who fre- 
quently alternate between the 
two states maximized diffusion 
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ina simple model. —BJ 
Proc. Natl. Acad. Sci. U.S.A. 10.1073/ 
pnas.1722089115 (2018). 


ECOLOGY 
Fruitfulness 
of forest drought 


Drought resulting from cli- 
mate change is becoming 
pervasive. Increasing research 
effort is being focused on the 


s41539-018-0028-7 (2018). 


ecological effects of drought 

on the world's tropical forested 
regions. Rowland et al. mea- 
sured the multiyear effects of 
drought on the litterfall of leaves, 
flowers and fruits, and twigs 

in a Brazilian forest. Drought 
was simulated by covering a 
1-hectare experimental plot 

with plastic panels 1 to 2 meters 
above the ground. Litterfall over 
14 years was compared with that 
on an uncovered neighboring 


Prolonged forest stress, such as drought, affects litterfall. 
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debris and prevented damage 
from spreading to neighboring 
neurons. This newly identified 
mechanism may have implica- 
tions for limiting brain and spinal 
cord injuries. —PNK 
J. Exp. Med. 10.1084/ 
jem.20172244 (2018). 


PROTEIN ASSEMBLY 
Artificial B-barrel pores 


The de novo construction of 
proteins from peptide fragments 
that assemble into 8-barrel 
structures, as opposed to a-helix 
or a/® folds, is challenging. 
Yamagami et al. show that six 
octapeptides, terminated with 
pyridyl groups, assemble into an 
antiparallel B-barrel structure 
when coordinated with Znl, 
inkers. The peptides contain a 
phenylalanine-valine-phenylala- 
nine-valine sequence with a high 
propensity for forming B-sheets 
inked to a proline-glycine-pro- 
ne sequence that forms a loop. 
The crystal structure reveals the 
formation of a pore lined with 
the hydrophobic isopropyl side 
chains of the valine residues. 
—PDS 


J.Am. Chem. Soc. 10.1021/ 
jacs.8b04284 (2018). 
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CELL BIOLOGY 
It’s all about your 
contacts 


Membrane contact sites have 
recently come to the fore of our 
understanding of interorganelle 
communication. Wu et al. review 
how these important structures 
help to promote a variety of key 
functions, including organelle 
division and lipid transfer. 
Focusing on contacts between 
the endoplasmic reticulum 

and a variety of organelles or 
the plasma membrane reveals 
the generality and importance 
of these contacts in cellular 
homeostasis and organismal 
health. —SMH 


Science, this issue p. 466 


NEUROSCIENCE 
Leadership and 
responsibility 
Leadership of groups is of para- 
mount importance and pervades 
almost every aspect of society. 
Leadership research has rarely 
used computational modeling 
or neuroimaging techniques 
to examine mechanistic or 
neurobiological underpinnings of 
leadership choices. Edelson et al. 
found empirically and theoreti- 
cally that the choice to lead rests 
on a metacognitive process (see 
the Perspective by Fleming and 
Bang). Individuals who showed 
less “responsibility aversion” 
had higher leadership scores. A 
computational model combin- 
ing signal detection theory with 
prospect theory provided a 
mechanistic understanding of 
this preference. Neuroimaging 
experiments showed how the 
key theoretical concepts are 
encoded in the activity and con- 
nectivity of a brain network that 
comprises the medial prefrontal 
cortex, the superior temporal 
gyrus, the temporal parietal 
junction, and the anterior insula. 
—PRS 

Science, this issue p. 467; 

see also p. 449 
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CELL BIOLOGY 
Making multiplexed 
subcellular protein maps 


Being able to visualize protein 
localizations within cells and 
tissues by means of immuno- 
fluorescence microscopy has 
been key to developments in 

cell biology and beyond. Gut et 
al. present a high-throughput 
method that achieves the detec- 
tion of more than 40 different 
proteins in biological samples 
across multiple spatial scales. 
This allows the simultaneous 
quantification of their expres- 
sion levels in thousands of single 
cells; captures their detailed 
subcellular distribution to vari- 
ous compartments, organelles, 
and cellular structures within 
each of these single cells; and 
places all this information within 
a multicellular context. Such a 
scale-crossing dataset empow- 
ers artificial intelligence—based 
computer vision algorithms to 
achieve a comprehensive profil- 
ing of intracellular protein maps 
to measure their responses to 
different multicellular, cellular, 
and pharmacological contexts, 
and to reveal new cellular states. 
—SMH 


Science, this issue p. 468 


MICROBIOLOGY 
Interchanging species of 
similar function 


Under natural conditions, 
bacteria form mixed, interacting 
communities. Understanding 
how such communities assemble 
and stabilize is important in a 
range of contexts, from biotech- 
nological applications to what 
happens in our guts. Goldford et 
al. sampled the microbial com- 
munities from soil and plants 
containing hundreds to thou- 
sands of sequence variants. The 
organisms were passaged after 
culture in low concentrations 

of single carbon sources and 
were cross-fed with each other's 
metabolites; then, the resulting 
communities were sequenced 
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using 16S ribosomal RNA, and 
the outcomes were modeled 
mathematically. The mix of spe- 
cies that survived under steady 
conditions converged reproduc- 
ibly to reflect the experimentally 
imposed conditions rather 
than the mix of species initially 
inoculated—although at coarse 
phylogenetic levels, taxonomic 
patterns persisted. —CA 
Science, this issue p. 469 


BLACK HOLE PHYSICS 
An expanding radio jet 
from a destroyed star 


If a star gets too close to a super- 
massive black hole, it gets ripped 
apart in a tidal disruption event 
(TDE). Mattila et al. discovered a 
transient source in the merging 
galaxy pair Arp 299, which they 
interpret as a TDE. The optical 
light is hidden by dust, but the 
TDE generated copious infrared 
emission. Radio observations 
reveal that a relativistic jet was 
produced as material fell onto the 
black hole, with the jet expanding 
over several years. The results 
elucidate how jets form around 
supermassive black holes and 
suggest that many TDEs may be 
missed by optical surveys. —KTS 
Science, this issue p. 482 


THIN FILMS 
An epitaxial route 
to strain 


Strain can have a dramatic effect 
on the properties of materials. 
Zhang et al. introduced a large 
strain in the material PbTiO, by 
growing it epitaxially ina compos- 
ite with PbO. On the boundaries 
between the two materials, their 
normally different lattice con- 
stants were matched, giving rise 
to the strain. As a consequence, 
the films exhibited a very large 
electric polarization even in the 
absence of an electric field. The 
method may be applicable to 
generating other functional mate- 
rials. —JS 

Scence, this issue p. 494 
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PLANT SCIENCE 
Enough but not too 
many stem cells 


In the shoot apical meristem of 
plants, just the right number of 
stem cells generates a steady 
supply of cells with which to 
build differentiated tissues. Too 
few stem cells, and the plant 
cannot grow. Too many, and 
growth runs amok. Zhou et al. 
analyzed the controls on stem 
cell proliferation. They found that 
the HAIRY MERISTEM proteins 
define a domain within which 
WUSCHEL (WUS) cannot work, 
but beyond which WUS is left 
free to promote stem cell prolif- 
eration. —PJH 

Science, this issue p. 502 


STRUCTURAL BIOLOGY 
Achannel for calcium 


Maintaining the correct balance of 
calcium concentrations between 
the cytosol and the mitochondria 
is essential for cellular physiol- 
ogy. A calcium-selective channel 
called the mitochondrial calcium 
uniporter (MCU) mediates 
calcium entry into mitochondria. 
Yoo et al. report the high-reso- 
lution structure of MCU from 
Neurospora crassa. The channel 
is formed by four MCU protomers 
with differing symmetry between 
the soluble and membrane 
domains. The structure, together 
with mutagenesis, suggests 
that two acidic rings inside the 
channel provide the selectivity for 
calcium. —VV 

Science, this issue p. 506 


GENETICS 
Altering wheat for 
pathogen resistance 


Wheat provides ~20% of calories 
and protein per person globally, 
yet the elite crop cultivars that 
we grow today are beset by poor 
pathogen resistance. This has led 
to concerns about food security 
as emerging pests decimate 
wheat crops. In a Perspective, 
Wulff and Dhugga discuss 


sciencemag.org SCIENCE 


the challenge and potential of 
introducing pathogen-resistance 
genes from wild wheats into elite 
cultivars through cross-breeding 
or genetic modification. This 
approach should allow us to 
improve and maintain the yield of 
this important food source. —GKA 
Science, this issue p. 451 


MARINE ECOLOGY 
Why seagrass meadows 
should be protected 


Seagrasses are found along 
coastlines around the world but 
are under threat from human 
activities. In a Perspective, Cullen- 
Unsworth and Unsworth explain 
that seagrasses perform many 
important functions. For example, 
seagrasses provide a habitat for 
diverse marine species, includ- 
ing numerous commercial fish 
species, and store large amounts 
of carbon. Loss of seagrass 
meadows may thus contribute 
to rising carbon emissions and 
may threaten biodiversity and 
food security. Research into the 
extent and properties of seagrass 
meadows is helping to inform 
conservation efforts, but time is 
of the essence to avoid further 
losses of these important ecosys- 
tems. —JFU 

Science, this issue p. 446 


INFLAMMATION 
An eye to evading 
the immune system 


Some tissues, such as the eye, 
limit immune cell infiltration. 
Sakurai et al. found that a modi- 
fied form of cholesterol inhibited 
the guanine nucleotide exchange 
factor DOCK2 and thus sup- 
pressed neutrophil and T cell 
migration. In mice, cholesterol 
sulfate was produced by the 
gland that secretes the lipids 
that form the outer layer of the 
tear film covering the eye. Mice 
lacking the major sulfotransfer- 
ase that produces cholesterol 
sulfate had increased infiltration 
of immune cells into the con- 
junctiva and cornea, which was 
reversed by topical application of 
cholesterol sulfate. —AV 

Sci. Signal. 11, eaao4874 (2018). 
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CELL BIOLOGY 


Here, there, and everywhere: 
The importance of ER membrane 


contact sites 


Haoxi Wu, Pedro Carvalho*, Gia K. Voeltz* 


BACKGROUND: The defining feature of eu- 
karyotic cells is the presence of membrane- 
bound organelles of diverse kinds, each with 
specialized functions. Most organelles have 
multiple copies in cells. By contrast, each cell 
contains only one endoplasmic reticulum (ER). 
However, the ER consists of an elaborate 
network of membrane cisternae and tubules 
that extends throughout the cell and occu- 
pies a large fraction of the cytoplasmic volume. 


Endoplasmic reticulum (ER) 
@ Plasma membrane (PM) 
© Golgi apparatus 


@ Mitochondria 
@ Peroxisomes 
OMembrane contact sites (MCSs) 


Though compartmentalization of biochemical 
reactions and processes in these organelles 
has obvious advantages, it also poses chal- 
lenges for their coordinated activity, requir- 
ing mechanisms for regulated interorganelle 
communication. However, these mechanisms 
have remained elusive, and the quintessential 
textbook diagram still pictures organelles in 
isolation, floating in a cytoplasmic sea. The 
last decade has radically changed this view, 


(©) Endosomes 
Lipid droplets (LDs) 


ER-MCSs 


ER-Mitochondria 


ER-Endosome 


ER-Peroxisome 


ER-Golgi 


ER MCSs with other organelles and the PM. The ER forms MCSs with mitochondria, Golgi, 
endosomes, peroxisomes, lipid droplets, and the PM. These MCSs are closely opposed but not fused 
membranes containing various molecular machineries. Factors localized to these MCSs mediate 
essential cellular processes, including lipid and ion exchange, organelle positioning, and biogenesis. 
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and membrane contact sites (MCSs) between 
different organelles have been brought to 
center stage as prime, highly regulated routes 
for interorganelle communication essential 
for cell homeostasis. 


ADVANCES: The presence of organelle con- 
tacts was recognized long ago. However, the 
functions of these structures remained un- 

clear. Recent advances in 
the resolution of micros- 
Read the full article COPY and the development 
at http://dx.doi. of unique fluorophores 
org/10.1126/ have markedly advanced 
science.aan5835 our ability to study inter- 
organelle MCSs. The three- 
dimensional structure of ER MCSs with other 
organelles and the plasma membrane (PM) 
can be visualized at nanometer resolution by 
electron microscopy (EM). Multispectral live- 
cell fluorescence microscopy displays the be- 
havior of MCSs over time and in response to 
stimuli. Together, these data have revealed the 
general features of MCSs. For example, EM has 
revealed that MCSs are closely opposed and 
tethered but not fused membranes, MCSs 
are spaced at 10 to 30 nm, and ribosomes are 
excluded from the ER surface at these sites. 
Fluorescence microscopy demonstrates that 
organelles can remain attached to ER tubules 
as they traffic along microtubules. The combi- 
nations of these tools with classical molecular 
biology and biochemical tools have identified 
molecules implicated in several MCSs and elu- 
cidated their functions, including lipid and 
ion transport between organelles and organ- 
elle positioning and division. 


OUTLOOK: MCSs are central to normal cell 
physiology. Moreover, several MCS proteins are 
linked to various diseases: seipin, protrudin, 
and spastin to hereditary spastic paraplegia; 
VAPA and VAPB to amyotrophic lateral scle- 
rosis; Dnm2 and Mfn2 to Charcot-Marie-Tooth 
disease; STIM1 and Orail to tubular aggre- 
gate myopathy; and ACBD5 to retinal dystro- 
phy. Whether defects in MCS functions cause 
these diseases directly or indirectly remains 
to be explored. Recent progress has begun to 
identify some of the molecular machineries 
that regulate MCS formation. Dissecting the 
roles of these factors will strengthen our 
understanding of the integrative nature of 
MCSs. The advancement of diverse micros- 
copy techniques will allow us to track multi- 
ple factors at MCSs simultaneously in real 
time and at high resolution, and this may 
help us gain a more detailed view of the bi- 
ology of MCSs and their related physiological 
processes. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: pedro.carvalho@path.ox. 

ac.uk (P.C.); gia.voeltz@colorado.edu (G.K.V.) 

Cite this article as H. Wu et al., Science 361, eaan5835 
(2018). DOI: 10.1126/science.aan5835 
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CELL BIOLOGY 


Here, there, and everywhere: 
The importance of ER membrane 


contact sites 


Haoxi Wu’, Pedro Carvalho”*, Gia K. Voeltz'* 


Our textbook image of organelles has changed. Instead of revealing isolated cellular 
compartments, the picture now emerging shows organelles as largely interdependent 
structures that can communicate through membrane contact sites (MCSs). MCSs are sites 
where opposing organelles are tethered but do not fuse. MCSs provide a hybrid location where 
the tool kits of two different organelles can work together to perform vital cellular functions, 
such as lipid and ion transfer, signaling, and organelle division. Here, we focus on MCSs 
involving the endoplasmic reticulum (ER), an organelle forming an extensive network of 
cisternae and tubules. We highlight how the dynamic ER network regulates a plethora of 
cellular processes through MCSs with various organelles and with the plasma membrane. 


embrane contact sites (MCSs) are con- 

served and extensive along the tubular 

endoplasmic reticulum (ER) membrane 

(Fig. 1, A and B). Thus, it was postulated 

that MCSs must play key roles in cell 
physiology. The contacts between the membrane 
of the ER and other organelles were first appre- 
ciated decades ago, during the early days of 
electron microscopy (EM). But what remained 
unclear was whether MCSs represented short- 
lived interactions made for the quick transfer 
of cellular material or were stable sites of teth- 
ering. The advent of various technologies, in- 
cluding the discovery of a wide spectrum of 
fluorescent proteins and the ability to image 
live cells at greatly improved spatial and tem- 
poral resolution by microscopy, has made it 
possible to image and track multiple dynamic 
organelles simultaneously over time, revealing 
the extent to which other organelles are tightly 
tethered to the ER (J) (Fig. 1C). Notably, MCSs 
with elastic ER tubules are maintained during 
trafficking, fusion, and fission of the attached 
organelles. A major research focus in cell biology 
is to discover the factors establishing MCSs and 
how MCSs regulate essential cellular processes, 
from lipid and ion homeostasis to organelle di- 
vision and distribution. 


Factors and functions of 
ER-mitochondria MCSs 


Live-cell microscopy and electron tomography 
have revealed that mitochondria are tightly as- 
sociated with the tubular ER in yeast cells and 
animal cells (Fig. 1, B and C) (2). Together, these 
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techniques have shown that ER tubules wrap 
around the mitochondria to form MCSs that 
approach distances of 10 nm, are ribosome ex- 
cluded (Fig. 1B), cover 2 to 5% of the mitochon- 
drial surface area, and substantially influence 
mitochondrial dynamics (2, 3). 

Early cell fractionation studies showed that 
certain ER components copurified with mito- 
chondria, suggesting that these MCSs could be 
biochemically isolated. These mitochondria- 
associated membranes were enriched in a subset 
of ER enzymes involved in lipid biosynthesis 
and Ca”* signaling, hinting at the functions 
of the ER MCSs with mitochondria (4). ER- 
mitochondria MCSs can provide a conduit for 
transport of high concentrations of Ca?* from 
the ER lumen to the mitochondrial matrix (5). 
Calcium is released from the ER through the 
tetrameric inositol 1,4,5-triphosphate receptor 
(IP3R) channel and funneled to the voltage- 
dependent anion-selective channel (VDAC) in the 
outer mitochondrial membrane (OMM) (6-10). 
Once Ca”* traverses the OMM, it can use the 
mitochondrial calcium uniporter to translocate 
across the inner mitochondrial membrane (IMM) 
into the matrix (11, 12). Grp75 is a cytosolic reg- 
ulator of the IP3R-VDAC complex that promotes 
the interaction between the channels to in- 
crease the efficiency of mitochondrial Ca?* up- 
take (8). The OMM protein mitofusin 2 (Mfn2) 
is one proposed tether for regulating this Ca?* 
transport at ER-mitochondria MCSs (73). Mfn2 
is a dynamin-like protein that functions to 
tether mitochondria during homotypic mem- 
brane fusion, similar to its paralog Mfn1 (14). 
Recently, an ER membrane protein, PDZD8, 
was also implicated in ER-dependent mitochon- 
drial Ca?* homeostasis (15). PDZD8 has notable 
similarities to the yeast protein Mmm, a sub- 
unit of the ER-mitochondria encounter structure 
(ERMES) complex (see below). PDZD8 concen- 


trates at ER-mitochondria MCSs, although mecha- 
nistically it is still unclear how PDZD8 localization 
and its role in Ca?* homeostasis are achieved. 

Both the ER and mitochondria are required 
for lipid biosynthesis, and various intermed- 
iate molecules must travel between these or- 
ganelles, a shuttling likely to occur at MCSs. 
So far, the best candidate for this function is 
the ERMES complex in yeast (16). ERMES has 
four subunits: Mmm1, Mdm10, Mdm12, and 
Mdm34. These subunits form a complex to 
bridge the ER and mitochondria. Three out of 
four ERMES subunits (Mmm1, Mdm12, and 
Mdm34) contain synaptotagmin-like mitochon- 
drial lipid-binding protein (SMP) domains, which 
form a long hydrophobic cavity to transfer lipids 
between membranes (17). ERMES is proposed 
to transfer phosphatidylserine (PS) and phos- 
phatidylcholine to the mitochondrial membrane 
(16, 18, 19). Although some crystal structures are 
available (79, 20), a structure of the whole ERMES 
complex is needed to mechanistically elucidate 
how exactly the ERMES complex is involved in 
lipid transfer. 

Genetic studies indicate that lipid transfer is 
quite pliable and may follow diverse routes. 
For example, only a marginal defect in cellular 
lipid composition is detected in ERMES mutants 
(16, 21). Under these conditions, distinct MCSs 
between mitochondria and the vacuole—the vac- 
uole and mitochondria patch (VCLAMP)—become 
essential for lipid homeostasis. Highlighting the 
interdependence of these MCSs, ERMES be- 
comes essential in cells lacking VCLAMP (22-24). 
vCLAMP MCSs involve the OMM protein Mcp1 
and soluble proteins Vps13 and vacuolar Vps39; 
however, it is not clear how they cooperate in 
lipid transfer (22, 23, 25, 26). 

Similarly, ERMES is also essential in cells 
lacking Lam6/Ltcl, a member of a recently iden- 
tified family of steroidogenic acute regulatory 
transfer (StART)-like proteins (27). Lam6/Ltcl 
is an ER membrane protein that localizes to 
ER-mitochondria MCSs through interaction with 
OMM proteins Tom70 and Tom71 (27, 28). Like 
other members of the LAM (lipid transfer pro- 
teins anchored at a membrane contact site)/ 
Ltc (ipid transfer at contact site) family, Lam6/ 
Ltcl is capable of sterol transfer in vitro through 
the StART-like domain (27-29). However, fur- 
ther studies are required to test whether Lam6/ 
Ltcl lipid transfer activity is necessary at ER- 
mitochondria MCSs. So far, no lipid trafficking 
machinery in animal cells at ER-mitochondria 
MCSs has been described. 

Mitochondria are dynamic organelles that 
remodel their network to maintain the integ- 
rity of their genome and metabolic state through 
a balance of fission and fusion. Mitochondrial 
fission and fusion are elaborate processes tightly 
regulated by conserved molecular machineries. 
A surprising function for ER-mitochondria MCSs 
is that they define the sites of mitochondrial 
division in yeast and animal cells (2) (Fig. 2, A 
and B). This process has been described in de- 
tail and occurs sequentially (Fig. 2A). First, ER 
tubules wrap around mitochondria to form MCSs 
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Fig. 1. Visualizing ER MCSs with other organelles. (A) Diagram depicting 
the distribution and structure of the ER and the MCSs it forms with other 
organelles and with the plasma membrane (PM). (B) Electron micrographs of 
ER MCSs with mitochondria, Golgi, LDs, and the PM. Micrographs of ER- 
mitochondria and ER-Golgi MCSs in rat epithelial cells were provided by 

M. Ladinsky. Micrographs of ER-LD MCSs in yeast cells were provided by 

M. Radulovic. ER-PM MCSs in a mouse neuron (left) were imaged by focused 


defining the fission position; subsequently, mito- 
chondrial constriction and division machineries 
are recruited to execute fission (2). Surprisingly, 
ER-associated IMM constriction occurs before 
OMM constriction (30). These data suggest that 
signals coming from the mitochondrial matrix 
initiate ER recruitment to the OMM to position 
the division machinery. That signal could be 
coming from the mitochondrial DNA (mtDNA), 
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B_ ER-Mitochondria ER-Mitochondria 


as actively replicating mtDNA nucleoids are pres- 
ent at sites of ER-associated mitochondrial con- 
striction and division (Fig. 2A) (31, 32). In animal 
cells, mitochondria have wide diameters, and 
multiple machineries function in sequence to 
drive the process of ER-associated OMM con- 
striction and division. First, mitochondria are 
constricted by actin-myosin assemblies recruited 
to the MCSs by an ER-localized inverted formin 


ion beam scanning electron microscopy, and the micrograph was provided by 
Y.Wu and P. De Camilli [adapted from (3)]. The micrograph of ER-PM MCSs in 
yeast (right) was provided by M. West [reproduced from (83) (CC BY-NC-SA 3.0)]. 
Boxed areas correspond to images on the right. (C) Mitochondria, endosomes, 
and peroxisomes remain tethered to the ER tubules as they traffic. Time-lapse 
fluorescent images of the ER relative to mitochondria, LEs, and peroxisomes 

in live COS-7 cells are shown. Arrows denote MCSs. t, time in seconds. 


(INF2) and a mitochondrial actin nucleator 
(Spire Ic) (33, 34). Next, the mitochondrial di- 
vision dynamin Drp1 is recruited to ER-marked 
mitochondrial constrictions. Drp1 (Dnm1 in 
yeast) is a cytosolic guanosine triphosphatase 
(GTPase) and dynamin family member that oli- 
gomerizes around the OMM to drive mitochon- 
drial constriction in a GTPase-dependent manner 
(Fig. 2B) (35-37). Drp1 is recruited from the 
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cytoplasm to the mitochondria at ER MCSs by 
adaptor proteins such as Mff, MiD49, and Mid51 
in animal cells (38-42). Both Drp1 and the adap- 
tors localize to ER-marked mitochondrial con- 
strictions before division (2, 43). Drp1 can drive 
constriction of mitochondria down to <50 nm, 
at which point another dynamin family mem- 


ber, Dnm2, is recruited to complete fission at 
ER MCSs (Fig. 2A) (43). 


Factors and functions of ER-Golgi MCSs 


Between the ER and the Golgi, cargo traffics by 
both vesicular and nonvesicular routes. Whereas 
proteins must be sorted into coated vesicles to 
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Fig. 2. Organelle division by ER MCSs. (A) Model of factors involved in ER-associated 
mitochondrial constriction and division in animal cells. ER MCSs and actively replicating nucleoids 
define where IMM constriction, followed by OMM constriction, occurs. The activities of INF2, Spirelc, 
and polymerized actin, followed by the sequential activities of Drpl and Dnm2, are required to 
drive OMM constriction and division. (B) ER tubules define the position of mitochondrial constriction 
and division. Time-lapse live-cell imaging of the ER (green) and mitochondria (red) in a COS-7 cell 
shows that the division machinery Drpl (cyan) is localized to the position where an ER tubule crosses 
over a mitochondrial constriction (first two time frames). As the mitochondria divide, the Drp1 
punctum splits and the ER tubules bridge the gap to maintain contact with both Drpl-labeled ends 
on daughter mitochondria (arrows). Images were provided by J. Lee. (©) Dynamic ER tubules are 
recruited and rearrange around endosome cargo-sorting domains to promote endosome fission. 
Time-lapse live-cell imaging of the ER (green), LEs (red), and epidermal growth factor (EGF) cargo 
(blue) shows an endosome bud growing through an ER ring (arrows). As the ring closes, the bud 
undergoes fission (compare the third and fourth time frames). Reproduced from (61). 
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traffic between these two organelles, lipids can 
take a more direct route. In fact, the general 
principle that lipids can be transferred at MCSs 
between the ER and other organelles was first 
demonstrated for the Golgi (44, 45). So far, 
vesicle-associated membrane protein-associated 
proteins (VAPs) are the only ER proteins known 
to regulate nonvesicular lipid trafficking at ER- 
Golgi MCSs. VAPs (VAPA and VAPB in animals, 
Scs2 and Scs22 in yeast) are highly conserved 
integral ER membrane proteins. VAPs localize 
throughout the ER, and they bridge contacts with 
various proteins to perform functions at multiple 
MCSs (Fig. 3). VAPs contain a major sperm pro- 
tein (MSP) domain that interacts with the FFAT 
[two phenylalanines (FF) in an acidic tract] motif 
of protein partners located on the opposing mem- 
brane (46). At the ER-trans-Golgi network (TGN) 
MCSs, VAPs bridge contact with the FFAT motifs 
of three different lipid transfer proteins: Nir2 (45), 
ceramide transferase 1 (CERT) (44), and oxysterol- 
binding protein (OSBP) (Fig. 3, A and B) (47). 

OSBP is the prototype member of the OSBP/ 
OSBP-related protein (ORP)/oxysterol-binding 
homology (Osh) family. OSBP contains a pleckstrin 
homology (PH) domain that binds phosphatidyl- 
inositol 4-phosphate (PI4P) at the TGN and an 
FFAT motif to bind to ER-localized VAPs. This 
protein bridge stabilizes ER-TGN MCSs when 
TGN PI4P levels are high. Under these condi- 
tions, the OSBP-related domain (ORD) of OSBP 
facilitates the exchange of cholesterol with PI4P 
between the ER and the TGN. At ER-Golgi MCSs, 
PI4P levels are kept low by the ER phosphatase 
Sacl, which can convert PI4P into phosphati- 
dylinositol (PI) (Fig. 3B) (47). The transfer of PI4P 
down its concentration gradient drives choles- 
terol transport against its concentration gradient 
(47, 48). This process may be facilitated by Nir2, 
which also binds VAPs through an MSP-FFAT 
interaction (49) and is proposed to supply PI 
from the ER to the Golgi at MCSs through its PI 
transfer domain (Fig. 3, A and B) (45). 

In animal cells, CERT transfers ceramide from 
the ER to the Golgi at ER-Golgi MCSs through its 
StART domain (44, 45). CERT also contains a PH 
domain to target it to the Golgi (44) and an FFAT 
motif to interact with ER-localized VAPs (Fig. 3, 
Aand B) (50). In yeast, the ER membrane protein 
Nvyj2 promotes ceramide transport to the Golgi. 
Nvj2-dependent ceramide transport strongly 
increases during ER stress, preventing toxic 
ceramide accumulation in the ER (57). This con- 
ditional transport system involves Nvj2 relocal- 
ization and requires its PH and SMP-like domains, 
implicated in lipid transfer at other MCSs. Nvj2 
mutant phenotypes are partially suppressed by 
expression of mammalian homologs of Nvj2, sug- 
gesting that a similar CERT-independent cer- 
amide transfer mechanism also operates in 
higher eukaryotes. 


Factors and functions of 
ER-endosome MCSs 


Cargo from the PM is internalized into vesicles 
destined for the endocytic pathway. Endosomes 
sort cargo as they mature and traffic. Very early 
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in their maturation, endosomes acquire ER MCSs 
so that most early endosomes and all late endo- 
somes (LEs) are bound to the tubular ER network 
(52, 53). Endosomes are so tightly tethered to the 
ER that they will pull ER tubules with them as 
they traffic with molecular motors along micro- 
tubules (MTs), as visualized by live-cell imag- 
ing (Fig. 1C). An individual endosome can form 
several ER MCSs, and cumulatively these con- 
tacts cover ~2 to 5% of the cytoplasmic surface 
(52, 54). The past decade has revealed several 
functions for ER MCSs with endosomes, in- 
cluding lipid trafficking, cargo sorting, endo- 
some trafficking, and fission (55). 

VAPs regulate multiple functions at ER- 
endosome MCSs. In animal cells, VAPs interact 


Fig. 3. The conserved ER proteins VAPA and 
VAPB establish MCSs with multiple organelles. 
(A) Domain organization of ER-localized VAP and its 
binding partners. Some VAP binding partners have 
more than one location. VAPs are tail-anchored 
membrane proteins that contain an MSP domain, 
which interacts with the FFAT motif found on the 
other proteins listed. Orp5 is included as an 
exception because it is an ER-anchored lipid transfer 
protein that can regulate phospholipid trafficking at 
MCSs independently of VAPs. Other relevant 
domains are indicated, including PI transfer protein 
PITP); DDHD, LNS2 (lipin/Ndel/Smp2), and PH 
domains; ORD; StART, MLN64 NH>-terminal 
MENTAL), TM, and FYVE domains; the KIF5 binding 
domain (KIF5BD); the low-complexity region 

LCR); and ACBD. Numbers indicate amino acid 
positions. (B) Diagram of VAP binding partners at 
ER-Golgi MCSs. Nir2 binds VAP, contains an LNS2 
domain to bind to phosphatidic acid (PA) on the 
Golgi, and contains a PITP domain that may transfer 
Pls from the ER to the Golgi. OSBP binds VAP 

and contains a PH domain to bind PI4P at the Golgi 
and an ORD to transfer PIAP from the Golgi to 

the ER, where it can be processed by Sacl in 
exchange for cholesterol. CERT binds VAP and 
contains a PH domain to bind PI4P at the Golgi and 
a StART domain to transfer ceramide from the 

ER to the Golgi. (©) Diagram of VAP binding partners 
at ER-endosome MCSs. OSBP binds VAP. OSBP 
contains a PH domain that binds PI4P on endosomes, 
and its ORD transfers PI4P to the ER membrane 

to be processed by Sacl. STARD3 binds VAP and 
contains a StART domain to bind cholesterol. ORP1L 
binds VAP when endosomal cholesterol is low, 

and it contains a PH domain to bind PI4P on 
endosomes and an ORD to transfer cholesterol 
from the ER to endosomes. At high endosomal 
cholesterol levels, ORPILL dissociates from VAP and 
can be found instead in complex with dynein, 
resulting in retrograde trafficking of endosomes. 
Protrudin is an ER protein that binds VAP and 

Rab7 and contains a FYVE domain to bind 


with at least three endosome-localized FFAT- 
containing partners: OSBP, STARD3, and ORP1L 
(Fig. 3, A and C). The VAP-ORPIL interaction 
is important to determine the direction of LE 
trafficking on MTs. ORP1L is an endosomal 
ORP that is implicated in lipid homeostasis 
at ER MCSs (Fig. 3). Consistently, ORP1L con- 
tains a hydrophobic pocket that may be involved 
in cholesterol transport at ER-endosome MCSs 
(Fig. 3C) (56, 57). ORPIL is considered a sterol 
sensor because its binding to VAPs on the ER 
depends on endosomal cholesterol levels (56, 57). 
When the level is high, ORP1L binds to cho- 
lesterol and the interaction with VAPs is pre- 
cluded. Conversely, depletion of endosomal 
cholesterol frees ORPIL to interact with VAPs, 


which establishes an MCS between endosomes 
and the ER. This MCS influences the direction 
of LE trafficking on MTs. Rab7 GTPase also as- 
sembles into VAP-ORPIL complexes, resulting in 
the displacement of the dynein from the LE 
surface and halting the retrograde trafficking 
of LEs to the cell center (57). VAPs can also pro- 
mote kinesin loading onto LEs when in complex 
with the ER membrane protein protrudin. The 
VAP-protrudin complex binds to Rab7 to recruit 
kinesin-1 to promote anterograde trafficking of 
LEs to the PM (Fig. 3, A and C) (58). Perhaps 
protrudin and VAPs work together with ORPIL 
and Rab7 to coordinate dynein dissociation and 
kinesin loading, resulting in anterograde traffick- 
ing of LEs in response to cholesterol levels. 
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to endosomal PI3P. The protrudin-VAP-Rab7-PI3P complex associates with 
kinesin and promotes anterograde trafficking of LEs on MTs. (D) Diagram of 
VAP binding partners at ER-peroxisome MCSs. ACBD5 is a tail-anchored 
peroxisomal protein that binds to VAP and may transfer lipids at these MCSs. 
(E) Diagram of VAP binding partners at ER-PM MCSs. Nir2 binds VAP and 
functions as depicted in (B) to transfer PI from the ER to the PM. Yeast Osh3 
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binds Scs2 and Scs22 (VAP orthologs) and contains a PH domain 

to bind PI4P on the PM and an ORD to transfer PIAP from the PM to 

the ER, where it can also be processed by Sacl. ORP5 is an example that 
does not bind VAP. It is a tail-anchored ER membrane protein that 

contains a PH domain to bind PI4P on the PM and an ORD to exchange PI4P on 
the PM with PS on the ER. 
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VAPs also contribute to phospholipid ho- 
meostasis at ER-endosome MCSs. This is achieved 
through coordination with OSBP and the 
endosome-localized protein sorting nexin 2 (Snx2) 
to allow the ER-localized phosphatase Sacl to 
process PI4P (Fig. 3C) (59). VAP depletion causes 
an increase in PI4P on early and late endosomal 
membranes and a ripple of downstream effects. 
The increase in endosomal PI4P boosts the levels 
of endosomal actin, which nucleates actin comets 
and alters endosomal motility, and this also re- 
duces cargo trafficking from the endosome to the 
TGN (59). 

ER-endosome MCSs can regulate cargo sorting 
directly. At least one key growth factor receptor, 
epidermal growth factor receptor (EGFR), is de- 
phosphorylated by an ER-localized phosphatase, 
Ptp1B, and this leads to its internalization and 
subsequent degradation. EGFR and Ptp1B can 
be colocalized by immuno-EM at MCSs, and 
Ptplb depletion by small interfering RNA de- 
creases the number of ER-endosome MCSs and 
reduces the number of intraluminal vesicles per 
multivesicular body (60). Lastly, ER MCSs reg- 
ulate cargo sorting by defining the position of 
endosome bud fission in a manner similar to 
their role on mitochondria. Both early endosomes 
and LEs sort out cargo to be degraded and ma- 
terial to be recycled into vacuolar and budding 
domains, respectively. ER tubules are recruited 
to the saddle between these domains, and fis- 
sion follows MCS formation (Fig. 2C) (67). It is 
not known what machinery tethers this inter- 
action. However, an ER-localized isoform of the 
MT-severing protein spastin may drive the final 
step of bud fission at the MCSs. When spastin is 
depleted, ER MCSs with endosome buds still 
form and accumulate but the efficiency of ER- 
associated bud fission is reduced (62). 


Factors and functions of 
ER-peroxisome MCSs 


The ER makes contact with most cellular or- 
ganelles, and peroxisomes are no exception (Fig. 
1C). Peroxisomes are ubiquitous organelles with 
essential roles in lipid synthesis, fatty acid turn- 
over, and detoxification of reactive oxygen species. 
Many of these metabolic functions of peroxisomes 
are carried out in partnership with the ER. For 
example, the synthesis of ether-linked phospho- 
lipids in mammalian cells is initiated in peroxi- 
somes but completed in the ER (63). This 
process requires lipid intermediates to traffic 
between the two organelles. Similarly, the phos- 
pholipids essential for peroxisome growth and 
division originate in the ER. ER-peroxisome 
MCSs, likely facilitating this active trading of 
metabolites, were described in a variety of cell 
types long ago. However, the identification of the 
machineries involved has only recently begun. 
Acyl-coenzyme A (CoA) binding domain 
protein 5 (ACBD5), a tail-anchored peroxisomal 
membrane protein, establishes ER-peroxisome 
MCSs by binding through its FFAT motif to VAPs 
in the ER (Fig. 3, A and D) (64, 65). Supporting a 
function of this interaction in ER-peroxisomal 
tethering, overexpression of either ACBD5 or 
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VAPA/VAPB increases the number and surface 
of MCSs between the ER and peroxisomes, with 
maximal effect observed when both proteins are 
overexpressed (64, 65). Conversely, depletion 
of either ACBD5 or VAPA/VAPB reduces ER- 
peroxisome MCSs. Depletion of ACBD5 and/or 
VAPA/VAPB also prevents membrane expansion 
under conditions that favor peroxisome elonga- 
tion and a reduction in total ether lipids and 
cholesterol (65, 66). These observations support 
the anticipated role of ER-peroxisome MCSs in 
lipid transfer, even though direct transfer activity 
by VAP-ACBD5 has not yet been demonstrated. 

Disruption of ER-peroxisome MCSs increases 
peroxisomal motility (64). Though not much is 
known about how peroxisomal function depends 
on the spatial distribution of peroxisomes, recent 
work has uncovered a link between peroxisome 
positioning and cell fate decisions in skin epi- 
thelia (67). Thus, MCSs may also affect cellular 
homeostasis by controlling organelle position- 
ing. The regulation of peroxisome positioning 
by MCSs has been investigated in greater detail 
in Saccharomyces cerevisiae, where MCSs are 
essential for the proper partitioning of peroxi- 
somes between mother and daughter cells in 
mitosis. In that case, the MCS is composed of 
distinct Pex3 molecules in the ER and peroxi- 
somal membranes, bridged by the soluble Inp1 
(inheritance of peroxisomes) protein (Fig. 4) (68). 
Besides VAP-ACBD5 and Pex3-Inpl, other pro- 
teins likely contribute to the tethering of the 
ER and peroxisomes in mammalian and yeast 
cells. A peroxisomal ACBD4 isoform, which has 
strong sequence similarity to ACBD5, interacts 
with VAPs and was suggested to also partici- 
pate in ER-peroxisome MCSs (69). 


Factors and functions of ER-lipid 
droplet MCSs 


Lipid droplets (LDs) are storage organelles for 
neutral lipids such as triglycerides and steryl 
esters. LDs make frequent and conspicuous con- 
tacts with the ER (70). However, ER-LD contacts 
are one of a kind, often displaying membrane 
continuity between the two organelles (see Fig. 
1B and Fig. 4), a feature that sets them apart 
from canonical MCSs. These unusual contacts, 
normally described as membrane bridges, are 
intimately linked to the unique structure and 
process of biogenesis of LDs (Fig. 4). Unlike most 
membrane-bound organelles, which contain a 
bilayer, LDs contain a phospholipid monolayer 
surrounding a neutral lipid core. During LD bio- 
genesis, a lens of neutral lipids accumulates in 
between the leaflets of the ER bilayer. The ex- 
pansion of the lens, due to neutral lipid synthesis, 
facilitates the emergence of LDs at the ER sur- 
face. Thus, the LD monolayer is literally derived 
from and continuous with the cytoplasmic leaflet 
of the ER membrane (Fig. 4). The ER-LD mem- 
brane bridge facilitates the incorporation of 
neutral lipids into LDs, as well as hairpin- 
containing membrane proteins (70). Many as- 
pects of LD biogenesis remain enigmatic, but 
seipin, an ER membrane protein sitting right 
at the ER-LD interface, clearly plays a central 


role in the process (71-73). LDs still form after 
seipin depletion; however, ER-LD contacts are 
aberrant, resulting in defective incorporation of 
both neutral lipids and proteins and, ultimately, 
abnormal LD morphology (72-77). Though di- 
verse, non-mutually exclusive functions have 
been proposed for seipin, the mechanisms by 
which it affects ER-LD contacts remain un- 
resolved. In humans, seipin is encoded by the 
Berardinelli-Seip congenital lipodystrophy 2 
(BSCL2) gene, which is frequently mutated in 
patients with severe lipodystrophy. Lipodystrophy 
is a metabolic syndrome that is associated with 
a complete loss of adipose tissue. Whether and 
how the function of seipin at ER-LD contacts 
leads to such a devastating pathology is a topic 
of very active research. 

Membrane bridges, essential during biogenesis, 
often persist throughout the lifetime of LDs (78). 
However, in a population of LDs, the bridges 
dissolve and LDs completely detach from the ER. 
This appears to be a reversible process, as bridges 
may be reestablished through a process involving 
components of the coat protein complex I (COPI) 
coat, which is normally involved in trafficking 
between the Golgi apparatus and the ER (79). 

Besides membrane bridges, other ER-LD 
tethers have been identified. These appear to 
be the canonical MCSs and act in parallel with 
membrane bridges to control different aspects 
of LD dynamics. Two protein complexes have 
been implicated in canonical MCSs between 
the ER and LDs. One of these consists of the ER- 
localized acyl-CoA synthetase FATP1 and DGAT2, 
a diacylglycerol acyltransferase. Whereas DGAT2 
localizes both to the ER and to LDs, the LD pool 
specifically interacts with FATP1. Fatty acid ac- 
tivation by FATP1 coupled to DGAT2 acyltrans- 
ferase activity results in local triglyceride synthesis 
and LD expansion (Fig. 4) (80). 

The small GTPase Rab18 has been identified as 
akey LD regulator. In a guanosine 5’-triphosphate- 
dependent manner, Rab18 is recruited to the LD 
surface and specifically to the ER-associated NAG- 
RINT1-ZW10 (NRZ) complex and SNARE (soluble 
N-ethylmaleimide-sensitive factor attachment 
protein receptor) proteins Syntaxin18, Usel, and 
BNIP!1 (Fig. 4) (87). Consistent with the ER-LD 
linker activity, depletion of Rab18, NRZ complex 
components, or associated SNAREs results in 
diminished LD growth and triglyceride storage. 
The NRZ complex has long been studied for its 
function in tethering to Golgi-derived COPI ves- 
icles before their fusion with the ER (82). The 
connection between NRZ complex tethering to 
COPI vesicles and LDs is not yet clear. Similarly, 
SNARE proteins, normally involved in membrane 
fusion, may act differently in this ER-LD tethering 
complex. Rab18, NRZ, and associated SNAREs 
function as an ER-LD tether only in a subset of 
cell types. Curiously, the ability to assemble into 
a complex does not correlate with the expres- 
sion of these proteins, suggesting that addition- 
al posttranslational regulatory factors are at 
play (81). These observations also highlight the 
often dynamic and context-dependent regulation 
of MCSs. 
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Factors and functions of ER-PM 

contact sites 

In all eukaryotes, the ER forms extensive con- 
tacts with the PM. Though the PM is not an 
organelle, ER-PM contacts share some functions 
(such as lipid trafficking and homeostasis) and 
factors (such as VAP and OSBP) with organellar 
MCSs. In yeast, ER-PM MCSs are substantial and 
cover up to 40% of the cytoplasmic surface of the 
PM (83, 84) (Fig. 1B). By comparison, ER-PM 
MCSs in animal cells occupy only ~2 to 5% of 
the cytoplasmic surface area (3, 85, 86) (Fig. 1B). 
Despite this difference, ER-PM contacts carry out 
conserved functions in lipid and Ca?* homeo- 
stasis, which are discussed separately below. 


Lipid trafficking at ER-PM MCSs 


ER-synthesized phospholipids, such as PI and 
PS, and sterols are transferred to the PM at ER- 
PM MCSs. ORP/Osh family members regulate 
phospholipid homeostasis at ER-PM MCSs. Like 
other family members, ORP5 and ORP8 contain 
both an ORD and a PH domain (Fig. 3A) (85). 
In vitro, the purified ORD of ORP8 can bind and 
transfer PS or PI4P between proteoliposomes, 
suggesting that it may also countertransport 
PS and PI4P at MCSs in cells (85). In animal cells, 
ORP5 and ORP8 are ER-localized lipid sensors 
that concentrate at ER-PM MCSs when PM PI4P 
levels are elevated (85). Because these ORPs are 
tail anchored into the ER, they do not need to 
bind to VAP to regulate lipid trafficking (Fig. 3, A 
and E). In yeast, Osh3 regulates PI4P metabolism 
at ER-PM MCSs. Osh3 similarly contains a PH 
domain that binds PI4P on the PM but requires 
an FFAT motif to bind to the ER-localized yeast 
VAP orthologs Scs2 and Scs22 to bring Osh3 to 
the ER. The bridge between PI4P in the PM, Osh3, 
and Scs2 and Scs22 facilitates recruitment of the 
ER-localized phosphatase Sacl1 to process PI4P 
at the MCSs (Fig. 3E) (87). 

The extended synaptotagmin-like proteins 
(E-Syts) and their yeast homologs the tricalbins 
(Tcbs) are another conserved family of ER mem- 
brane proteins that regulate ER-PM MCS forma- 
tion and lipid transfer (Fig. 5) (86, 88, 89). There 
are three E-Syt paralogs (E-Syt1 to -3) in animal 
cells and three tricalbins (Tcb1 to -3) in yeast 
(89). Knockdown of E-Syts decreases the level of 
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Tcbs are anchored to the ER membrane by an 
N-terminal reticulon-like hairpin transmembrane 
(TM) domain. Their cytoplasmic C terminus con- 
tains an SMP domain and multiple (three to five) 
C2 domains (86, 90). The SMP domain can di- 
merize to form a long hydrophobic B-barrel cavity, 
through which phospholipids may move between 
membranes (Fig. 5B) (17, 91). With a length of 
10 nm, this cavity is consistent with the min- 
imum gaps measured between the ER and the 
PM (83, 91-93). Whether E-Syts selectively 
transfer lipids in a certain direction remains 
unclear. 

Classically, C2 domains are capable of bind- 
ing lipids and sensing Ca?*. E-Sytl contains five 
C2 domains (Fig. 5A), two (C2A and C2C) of which 
can bind Ca?* (90). E-Syt! localization is sensitive 
to an increase in cytosolic Ca?*, which leads to its 
accumulation at ER-PM MCSs (86, 94). E-Syt2 
and E-Syt3 each contain three C2 domains, of 
which C2A binds Ca”* and C2C binds PI(4,5)P2 
at the PM (86, 95). When PM PI(4,5)P2 is de- 
pleted, E-Sytl translocates to ER-PM MCSs. Nir2 
and VAPs translocate to the same MCSs, pre- 
sumably to replenish the PI (49, 96). Thus, Nir2 
and VAPs appear to function similarly at both 
ER-PM and at ER-TGN MCSs to regulate PI 
trafficking (Fig. 3, compare B and E). Depletion 
of cellular Nir2 decreases PI, PI(4)P, PI(4,5)P2, 
and PI(3,4,5)P3 levels at the PM (97, 98). 

TMEM?24 is an ER protein that regulates PI 
transfer at ER-PM MCSs in response to changes 
in the cytosolic Ca** concentration. This protein’s 
mechanism of action reveals a link between lipid 
transfer and insulin secretion. TMEM24 contains 
an N-terminal TM domain, an SMP domain, a C2 
domain, and a PM binding C-terminal domain 
(Fig. 5A) (99). Overexpression of TMEM24: pro- 
motes ER-PM MCS formation, which is depen- 
dent on TMEM24’s ability to bind to the PM. 
TMEM?24 preferentially transfers PI from the ER 
to the PM. TMEM24 knockout cells display de- 
creased insulin secretion upon glucose stimula- 
tion. This decrease is directly related to the PI 
transfer ability of TMEM24 because TMEM24: 
lacking the SMP domain is unable to rescue 
insulin secretion deficiency (99). Recruitment of 
TMEM24 to ER-PM MCSs is regulated by both the 
Ca?* concentration and phosphorylation (Fig. 5B). 


ER-PM MCSs in animal cells (86). The E-Syts/ 
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roles in LD biogenesis. Membrane bridges exist between the continuous ER 
and LD membranes. After budding off from the ER membrane, LDs and 

ER form canonical MCSs. FATP1 on the ER membrane binds DGAT2 

on LDs. ER-localized SNAREs (Syntaxin18, Usel, and BNIP1) form MCSs with 
Rabl18 on LDs through the NRZ complex (NAG, RINT1, and ZW10). 


phosphorylated by protein kinase C and is 
depleted from the ER-PM MCSs. TMEM24 is re- 
cruited back to the PM upon its dephosphoryl- 
ation by protein serine-threonine phosphatase 2B 
(PP2B/calcineurin). 

Lam1/Ysp1, Lam2/Ltc4/Ysp2, Lam3/Sip3, and 
Lam4/Ltc3, members of the Lam/Ltc protein 
family in yeast, were recently shown to localize to 
ER-PM MCSs (29). Among these, Lam2/Ltc4/ 
Ysp2 and Lam4/Ltc3 directly transfer sterol be- 
tween proteoliposomes through StART-like do- 
mains (29, 100, 101). Lam1/Ysp1, Lam2/Ltc4/Ysp2, 
and Lam3/Sip3 knockout cells are sensitive to 
PM sterol depletion, which indicates their in- 
volvement in sterol transfer (29). Mutations in 
Lam/Ltc family members such as Lam1/Ysp1, 
Lam2/Ltc4/Ysp2, and Lam3/Sip3 result in slowed 
sterol transfer from the PM to the ER (29). How 
the directionality of sterol transfer is regulated 
is not known, but Lam/Ltc proteins appear to 
play important roles at ER-PM MCSs. In mam- 
malian cells, GRAMD1a and GRAMD2a, Lam/Ltc- 
related proteins, also localize to ER-PM MCSs 
(102). However, colocalization experiments showed 
that GRAMD1a and GRAMD2a label distinct 
MCSs and are likely to be involved in different 
functions. Future studies will be required to 
test whether these proteins are also involved in 
sterol homeostasis. 


Ca** regulation at ER-PM MCSs 


In animal cells, the ER is a major storage site for 
Ca?*. When the ER is depleted of Ca”, it relies on 
extracellular reservoirs to be replenished. The 
involvement of ER-PM MCSs in this process was 
proposed more than 30 years ago (103). The best- 
studied conduit for the influx of extracellular Ca?* 
at ER-PM MCSs is the Orail channel (104-107). 
Orail is a hexameric Ca”* release-activated Ca?* 
(CRAC) channel on the PM that is required for 
store-operated Ca?* entry (108-110). Orail con- 
tains four TM domains with both its N and C 
termini facing the cytosol. It contains an extra- 
cellular glutamate ring to select for Ca?* and a 
basic region inside that regulates channel gating 
(Fig. 5A) (111). 

STIM1 is an ER membrane protein that, after 
ER Ca”* store depletion, oligomerizes and trans- 
locates to the ER-PM MCSs, where it binds and 
activates Orail (Fig. 5) (112-114). This interaction 
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guides Ca?* into the ER lumen through the 
sarcoplasmic reticulum (SR)-ER Ca?*-adenosine 
triphosphatase (SERCA) pump. STIMI1 has a 
single TM domain, a cytosolic domain that in- 
cludes a polybasic region responsible for PM 
lipid binding, three coiled-coil domains required 
for Orail activation, and a luminal EF-hand 
domain that senses the ER Ca* concentration 
(107, 113, 115, 116). Upon Ca?* store depletion 
from the ER lumen, the EF-hand domain drives 
a conformational change to initiate STIM1 oligo- 
merization (117). 


STIMt STIMi 


The STIM1-Orail complex can be further reg- 
ulated by the cytoplasmic EF-hand-containing 
proteins CRACR2A and CRACR2B. Knockdown 
of CRACR2A decreases STIMI1 recruitment and 
Orail clustering (178). Mutation of the CRACR2A 
EF-hand domain can lead to constitutive trans- 
location of STIM1 to ER-PM MCSs. Several other 
regulators of STIM1-Orail function have been 
identified. Junctate is an ER membrane protein 
that interacts with STIM1 through its C-terminal 
luminal domain, which also contains a luminal 
EF-hand domain (119). Junctophilin-4 is a tail- 
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Fig. 5. Calcium-regulated ER-PM MCSs. (A) Domain organization of proteins found at MCSs that are 
regulated by Ca**. All examples are found at ER-PM MCSs. Relevant domains are indicated, including 
TM, EF-hand (binds Ca**), C2 (binds Ca** and/or lipids), and SMP domains. SAM, sterile « motif, CC1 to 
CC3, coiled-coil domains 1 to 3; S/P, serine- and proline-enriched region; K, lysine-enriched region. 

(B) Diagram depicting the localization and oligomerization of ER MCS proteins that respond to calcium 
store depletion (compare top and bottom panels). The EF-hand domain of STIM1 is sensitive to calcium 
store depletion from the ER lumen, which leads to STIMI1 oligomerization and translocation of STIM1 

to ER-PM MCSs via its polybasic domain, allowing STIM1 to bind and activate the Orail CRAC channel on 
the PM. Activation opens the Orail channel and funnels Ca** from the extracellular space back into the 
ER through the SERCA channel (not depicted). E-Sytl is another ER membrane protein that translocates 
to ER-PM MCSs in response to ER calcium store depletion. E-Sytl contains five C2 domains. ER calcium 
store depletion causes cytosolic Ca** to increase, the C2A and C2C domains bind this cytosolic Ca** 
and then C2E binds to PI(4,5)P2 at the PM, resulting in E-Sytl translocation to ER-PM MCSs. E-Syt1l 
transfers phospholipids at ER-PM MCSs through the SMP domain. TMEM24 is an ER membrane protein 
with a C2 domain and an SMP domain. TMEM?24 transfers PI from the ER to the PM through the SMP 
domain. However, ER calcium store depletion causes TMEM24 to bind Ca**, become phosphorylated, 
and then dissociate from ER-PM MCSs. 


Wu et al., Science 361, eaan5835 (2018) 3 August 2018 


anchored ER membrane protein that interacts 
with junctate and with the first two coiled-coil 
domains in the cytoplasmic region of STIM1. 
These interactions facilitate the translocation of 
STIM1 to the PM (720). The ER protein TMEM110/ 
STIMATE also binds to STIM1 and promotes 
STIMI translocation to ER-PM MCSs, and it is 
required for Orail channel activation (121, 122). 
There are also negative regulators of STIM1-Orail 
MCS formation and function. SARAF is an ER 
membrane protein that translocates to STIM1- 
Orail and facilitates STIM1 dissociation from 
ER-PM MCSs (123). These observations highlight 
the dynamic nature of MCSs and how they can 
be finely regulated in response to specific stimuli, 
such as the Ca?* concentration. 

In skeletal muscle cells, ER-PM MCSs control 
Ca?* flux to drive muscle contraction. Specialized 
membrane structures form in these cells to en- 
hance Ca?* flux: Transverse tubules are invagi- 
nated structures of the PM that are physically 
opposed to terminal cisternae of the SR (muscle 
cell ER). These MCSs are composed of RyR1 
(ryanodine receptor) on the SR membrane and 
Cay1.1, a subunit of a voltage-dependent calcium 
channel, on the PM (124). Upon PM depolariza- 
tion and action potential generation, Ca,1.1 under- 
goes a conformational change that allows Ca?* 
release through RyR1 into the cytoplasm to trigger 
contraction (725). In cardiac muscle cells, a similar 
system including RyR2 and Ca,1.2 establishes 
ER-PM MCSs (126). In this case, however, the 
action potential actually triggers Ca?* influx into 
the cytosol from Ca,1.2. This Ca?* influx in turn 
triggers RyR2-mediated Ca?* release from the 
SR. After muscle contractions are terminated, 
Ca’* in the cytosol is recycled to the SR through 
the SERCA pump. 


Conclusions 


Some of the molecular machineries that regulate 
membrane tethering have now been identified, 
and thus MCSs can now be ascribed functions. In 
recent years, the involvement of MCSs in lipid 
and ion transport has been confirmed and some 
of the molecules and mechanisms involved in 
these processes have been pinpointed. Novel 
functions for MCSs, such as their crucial role in 
regulating organelle distribution and division, 
have also been identified. Moreover, it is becom- 
ing apparent that interorganelle communication 
is highly integrated in and subject to homeostatic 
regulation. For example, the establishment and 
regulation of ER-mitochondria and mitochondria- 
vacuole MCSs are interdependent and appear 
to respond to nutritional cues (22, 25, 27, 29). 
Notably, MCSs are linked to human diseases. 
Among the handful of proteins identified that 
specifically regulate MCS functions, a high pro- 
portion are mutated in a variety of diseases 
(127-129). 
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INTRODUCTION: Decisions as diverse as 
committing soldiers to the battlefield or pick- 
ing a school for your child share a basic at- 
tribute: assuming responsibility for the outcome 
of others. This responsibility is inherent in the 
roles of prime ministers and generals, as well 
as in the more quotidian roles of firm managers, 
schoolteachers, and parents. Here we identify 
the underlying behavioral, computational, and 
neurobiological mechanisms that determine the 
choice to assume responsibility over others. 


METHODS: We developed a decision paradigm 
in which an individual can delegate decision- 
making power about a choice between a risky 
and a safe option to their group or keep the right 
to decide: In the “self” trials, only the individual's 
payoff is at stake, whereas in the “group” trials, 
each group member’s payoff is affected. We 
combined models from perceptual and value- 
based decision-making to estimate each in- 
dividual’s personal utility for every available 
action in order to tease apart potential motiva- 
tions for choosing to “lead” or “follow.” We also 
used brain imaging to examine the neuro- 
biological basis of leadership choices. 


The large majority of subjects display 
responsibility aversion (each bar 
represents one subject) 


0.7 


Responsibility 
aversion 


i) 
w 


Individual score 


Frequency, out-of-sample predictive power, and computational 
foundations of responsibility aversion. (Left) Responsibility 
aversion differs widely across individuals. (Center) These 
individual differences in responsibility aversion can be used to 
predict leadership scores in a new, independent sample. (Right) The 
lead-versus-defer decision process is illustrated. The black curve 
shows the proportion of defer choices increasing when the 
subjective-value difference between actions approaches zero 
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True 
leadership score 


RESULTS: The large majority of the subjects 
display responsibility aversion (see figure, left 
panel), that is, their willingness to choose be- 
tween the risky and the safe option is lower 
in the group trials relative to the self trials, 
independent of basic preferences toward risk, 
losses, ambiguity, social preferences, or in- 
trinsic valuations of decision rights. Further- 
more, our findings indicate that responsibility 
aversion is not associated with the overall 
frequency of keeping or delegating decision- 
making power. Rather, responsibility aversion 
is driven by a second-order cognitive process 
reflecting an increase in the demand for cer- 
tainty about what constitutes the best choice 
when others’ welfare is affected. Individuals 
who are less responsibility averse have higher 
questionnaire-based and real-life leadership 
scores. The center panel of the figure shows 
the correlation between predicted and ob- 
served leadership scores in a new, independent 
sample. Our analyses of the dynamic inter- 
actions between brain regions demonstrate 
the importance of information flow between 
brain regions involved in computing separate 
components of the choice to understanding 


Predictions of leadership scores based on responsibility 
aversion are correlated with true leadership scores 


2 - 


r=0.44 
25 0 15 
Predicted leadership score 


P=0.004 


leadership decisions and individual differences 
in responsibility aversion. 


DISCUSSION: The driving forces behind peo- 
ple’s choices to lead or follow are very 
important but largely unknown. We identify 
responsibility aversion as a key determinant 
of the willingness to lead. Moreover, it is 
predictive of both survey-based and real-life 
leadership scores. These results suggest that 
many people associate a psychological cost 
with assuming responsibility for others’ out- 
comes. Individual differences in the percep- 
tion of, and willingness to bear, responsibility 
as the price of leadership may determine 
who will strive toward leadership roles and, 
moreover, are associated 
with how well they per- 
Read the full article form as leaders. 
at http://dx.doi. Our computational mod- 
org/10.1126/ el provides a conceptual 
science.aat0036 framework for the deci- 
steals teste ahatede sion td accume vésponal. 
bility for others’ outcomes as well as insights 
into the cognitive and neural mechanisms 
driving this choice process. This framework 
applies to many different leadership types, 
including authoritarian leaders, who make most 
decisions themselves, and egalitarian leaders, 
who frequently seek a group consensus. We 
believe that such a theoretical foundation is 
critical for a precise understanding of the nature 
and consequences of leadership. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: micah.edelson@econ.uzh.ch 
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Delegation of decision-making based on subjective- 
value differences between the choice options 


Defer 


% Defer 


5 4324101 23 45 
Subjective-value difference 
(Risky - Safe) 


(dashed line). This pattern holds in both self and group trials. 
What changes is where people set deferral thresholds 

(orange, self; blue, group), which determine when they are 

most likely to defer. More responsibility-averse individuals 

show a larger shift in the deferral thresholds, which our 
computational model links to increased demand for certainty 
about the best course of action when faced with assuming 
responsibility for others. r, Spearman rank correlation coefficient. 
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Leaders must take responsibility for others and thus affect the well-being of individuals, 
organizations, and nations. We identify the effects of responsibility on leaders’ choices at 
the behavioral and neurobiological levels and document the widespread existence of 
responsibility aversion, that is, a reduced willingness to make decisions if the welfare 

of others is at stake. In mechanistic terms, basic preferences toward risk, loss, and 
ambiguity do not explain responsibility aversion, which, instead, is driven by a second-order 
cognitive process reflecting an increased demand for certainty about the best choice 
when others’ welfare is affected. Finally, models estimating levels of information flow 
between brain regions that process separate choice components provide the first step in 
understanding the neurobiological basis of individual variability in responsibility 


aversion and leadership scores. 


eadership decisions pervade every level of 

society, from the basic family unit up to 

global organizations and political institu- 

tions. Parents, teachers, CEOs, and heads 

of state all lead their respective groups and 
make decisions that have widespread and lasting 
consequences for themselves and others (7). Thus, 
a key aspect of leadership is the acceptance of 
responsibility for others. We developed a be- 
havioral task that, together with computational 
modeling and neuroimaging (2-4), allows us to 
determine the cognitive and neural mechanisms 
driving the choice to assume or forgo the respon- 
sibility of leading a group. 

There are some key features of leadership 
choices that are potential drivers of decisions 
to lead. For example, a position of leadership is 
associated with the right to make decisions that 
affect one’s own and others’ welfare. Therefore, 
the choice to lead a group may be taken par- 
ticularly often by those who put a high value on 
decision rights or who are driven by a desire to 
determine and control others’ outcomes (5, 6). 
Alternatively, leadership might be perceived as 
a burden, and those who are most willing to 
shoulder this responsibility may be most likely 
to choose to lead. Furthermore, the decision to 
lead could be predicated on the willingness to 
accept losses or potential failures for oneself or 
others or to act under conditions of high un- 
certainty and ambiguity. Finally, because leaders’ 
decisions often have far-reaching consequences 
that require careful forethought, those who are 
most competent in the task at hand (for example, 
make more accurate and objective assessments 
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of probabilities) may be more likely to make de- 
cisions to lead. 

We designed an experiment to allow us to dis- 
tinguish between the hypotheses that decisions 
to lead others are related to (changes in) basic 
preferences over risk, loss, or ambiguity and the 
possibility that responsibility affects choices 
through a separate mechanism. Participants were 
initially divided into groups of four. After a group 
induction phase designed to enhance inter- 
individual affiliation (7) (see supplementary 
methods 2.1.1), each participant completed a 
“baseline choice task” independently of the other 
group members. In this task, participants de- 
cided in each trial whether to accept or reject a 
gamble that involved probabilities of gains and 
losses (Fig. 1A and appendix S1). As the exact 
probability of success is rarely known in real- 
istic choice situations, the task included many 
trials with ambiguous probabilities of gains 
and losses. However, to distinguish individuals’ 
attitudes toward pure risk versus ambiguity, 
the task also contained trials in which the exact 
probabilities were known. 

In the “delegation task” (Fig. 1B), the partic- 
ipants faced the same gambles as in the baseline 
task, but now they had the option to make the 
decisions themselves (i.e., to lead) or to defer and 
follow the decision of the group. If a participant 
deferred, the action implemented (risky or safe) 
was the one chosen by the majority of the other 
group members in response to the exact same 
gamble in the baseline task. The delegation task 
had two types of trials, the “self” trials and the 
“sroup” trials, which were matched on all fea- 
tures except who received the outcome (Fig. 1B). 
In the self trials, only the payoff of the deciding 
participant is at stake and the payoffs of the 
other group members were not affected. By con- 
trast, in the group trials, the decision outcome 
affected the payoff of every group member equally. 
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In real-life decisions, individual group mem- 
bers, even though they may objectively face the 
same situation, often possess unique information 
or perspectives (8). Our task incorporated this 
aspect by ensuring that, for every matched base- 
line and delegation trial, no two group members 
saw the exact same segment of the probability 
space (Fig. 1C). Consequently, the group, as a 
whole, always had more information about the 
probabilities with which gains or losses occurred 
than any single individual in the group. 

All participants were explicitly informed about 
the nature of the group-level informational ad- 
vantage before the delegation task (see supple- 
mentary methods 2.2.1 and appendix S2 for task 
instructions). This group advantage increased 
with the level of ambiguity, resulting in an iden- 
tical parametric manipulation of the incentive to 
defer in both the self and group trials (fig. $1). 
Although in all trials, deferring to the majority 
meant taking a better-informed action, it also 
meant the loss of the individual’s decision rights 
or power to determine the choice (see fig. S1 
and supplementary results 1). Thus, participants 
always had to weigh both of these aspects—the 
subjective value they put on their decision right 
versus the value of a better-informed decision— 
when choosing to lead or defer. 

We collected and analyzed choice data from 
two independent samples of participants: an ini- 
tial dataset examining only choice behavior and a 
second dataset in which we replicated the behav- 
ioral experiment but also collected neuroimaging 
data. For brevity, we discuss the behavioral results 
across all subjects and, in the main text, only re- 
port those results that replicated within each 
dataset independently (for results of each group 
separately, see the supplementary materials). 


Baseline preferences and 
leadership scores 


We initially measured individuals’ leadership 
scores with two widely used scales (9, 10) that 
predict leadership positions and ability in 
numerous domains, including politics, athletics, 
and business (J, 17-13), and later supplemented 
these questionnaire measures with data on actual 
leadership roles (see supplementary methods 2.3). 
On the basis of these measures, we examined 
whether risk, loss, and ambiguity preferences in 
the baseline task were associated with leadership 
scores. None of these preference measures was 
consistently correlated with leadership scores 
across both independent samples (table S1 and 
fig. S2). Moreover, sensitivity to the informa- 
tional advantage, response times, and choice 
consistency were not reliably associated with 
leadership scores (table S1 and supplementary 
results 1, 2, and 7). 


The role of preferences for decision 
rights and control 


Every decision in the delegation task, across both 
self and group conditions, requires the partic- 
ipant to choose whether or not she will make the 
decision herself or give up the right to make the 
choice and follow the other group members’ 
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collective judgment. Individuals who put a high 
value on maintaining their private decision rights 
should display a relatively lower deferral rate 
in the self trials when compared to individuals 
who do not value their private decision rights 
as highly. 

Consistent with the view (5, 6) that decision 
rights are generally valued positively, partici- 
pants preferred, on average, to maintain control 
over their own outcomes in the self trials and 
were willing to forgo the informational advan- 
tage available when deferring to the majority in 
most trials (mean = 62.7%; Wilcoxon signed-rank 
test versus a random-choice null hypothesis, z 
score = 6.0, P = 2 x 10°°). However, the pro- 
portion of control-taking choices in the self con- 
dition was not related to individual leadership 
scores (Fig. 2A; Spearman rank correlation co- 
efficient (7) = —0.03, P = 0.84). 

The driver behind leadership might not be the 
desire to control only one’s own outcome but 
rather to exert decision rights with broad im- 
plications for whole groups. This would imply 
that the frequency of keeping control in the group 
trials is informative about real-life leadership 
measures. Just as in the self trials, on average, 
participants preferred to maintain control over 
group outcomes despite the informational ad- 
vantage of deferring. However, again there is 
no evidence for an association between the 
strength of the preference for control in group 
trials and leadership scores (Fig. 2B; 7 = 0.13, P = 
0.33; see also supplementary results 1). Thus, 
preferences in favor of decision rights and con- 
trol over self or others did not explain individual 
differences in leadership scores, suggesting that 
different motivational forces are at work. 


Leadership and responsibility aversion 


If it is not the aforementioned preferences that 
distinguish high- from low-scoring leaders, then 
perhaps a dynamic change to the decision pro- 
cess between individual versus group choices 
holds the key. A critical difference between 
group and self trials is the potential responsibility 
for others’ welfare in group trials. Relatively little 
is known about how responsibility for others’ 
outcomes influences decision-making. Indeed, 
we do not even know yet whether the average 
person prefers to seek or avoid responsibility, 
much less how responsibility preferences might 
relate to leadership. 

The majority of participants preferred to avoid 
responsibility, that is, participants deferred more 
on group than self trials. Thus, we term this pref- 
erence responsibility aversion. The mean percent 
increase in deferral rate from self to group trials 
was 17.3% (Wilcoxon signed-rank test, z score = 
5.4, P= 5 x 10°). However, there was substantial 
variability in the level of responsibility aversion 
across individuals (SD = +43%). Critically, in- 
dividuals who showed less responsibility aversion 
had higher leadership scores (Fig. 2C; 7 = -0.46, 
P =2 x10). This variability in responsibility 
aversion was not significantly correlated with 
baseline preferences over risk, ambiguity, or loss, 
nor did it correlate with personality traits from 
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the “five-factor model” (table S1 and supple- 
mentary results 4: for risk, loss, and ambiguity 
preferences, all P > 0.66; for the five-factor model, 
all P > 0.2). 

To assess the ecological validity of this as- 
sociation between responsibility aversion and 
leadership scores, we collected real-life expres- 
sions of leadership behavior from our participants 
(rank obtained during mandatory military service 
and leadership experience in scouts organiza- 
tions, supplementary methods 2.3.4). Respon- 
sibility aversion was the only measure that 
significantly correlated with these real-life 
expressions of leadership (Fig. 2D, 7 = -0.49, 
P = 0.02). 

This relationship between responsibility aver- 
sion and leadership is also robust. First, all 
results presented above and in the upcoming 
sections on computational modeling were ini- 
tially obtained in the behavioral group and then 
independently replicated in the functional mag- 
netic resonance imaging (fMRI) group (see the 
supplementary materials). Second, we computed 
out-of-sample predictions of the leadership scores 
for the {MRI sample based on parameter es- 


A Baseline Trials Cc 


Possible gain: +50 


Possible loss: -25 
Not Act 


B Group Trials 
Outcome affects each group member 


30% 
20% 
50% 


Possible gain: +50 
Possible loss: -25 


Defer Not Act 


True underlying probabilities 


Group member 2 


timates computed on the basis of the original 
behavior-only sample. The predicted leadership 
scores for the {MRI sample were, indeed, sig- 
nificantly correlated with the empirically observed 
leadership scores from those participants (Fig. 2E, 
r = 0.44, P = 0.004; supplementary results 3). 
Taken together, these results suggest that 
responsibility aversion, an as yet mechanistically 
undetermined behavioral preference, is a robust 
and ecologically valid predictor of leadership. 
Critically, these results hint that some key latent 
factor(s) in the decision process must change 
when individuals are faced with the choice to 
lead others versus making the same choice for 
themselves alone. What are the underlying 
cognitive computations and neural mechanisms? 


What is responsibility aversion, and why 
does it arise? 


Responsibility aversion, as an interpersonal 
phenomenon, might be related to social prefer- 
ences, that is, a concern for others’ payoffs. We 
therefore examined several measures of social 
preferences as well as feelings of group affiliation 
and democratic tendencies. We also performed a 


Group member 1 


Group member 3 Group member 4 


Self Trials 
Outcome affects yourself alone 


30% 
20% 
50% 


Possible gain: +50 
Possible loss: -25 


Defer Not Act 


Fig. 1. Experimental design. (A) Baseline task. Individuals needed to select a risky option (“act”) 

or safe option (“not act”) on the basis of the probability of success of the risky option and the possible 
gain or loss if that option was chosen. The probability of success and failure was indicated by the 
proportion of green or red slices, respectively, in the probability pie and by adjacent text. In each trial, a 
varying amount of the probability information was obscured by a gray cover. If the individuals preferred 
the safe choice, they received a sure outcome of O for that trial. (B) Delegation task. Two days later, 
individuals were faced with the same choices but had the additional option to “defer” to the majority 
opinion of their group and gain access to the group's informational advantage. This task involved two 
conditions, group (where the participant's action affected the payoff of all group members) and self 
(where the participant's action affected only herself). (C) Informational advantage for the group. 
Shown is one example of potential observable probabilities seen by each of the four individuals in the 
group as well as the true underlying probability pie, which was not displayed to the participants. The 
position of the obscuring gray cover changed for each individual, resulting in the exposure of a different 
part of the probability information. Consequently, in our task, the group, as a whole, had more 
information than each individual alone. For a full description, see supplementary results 1 and fig. Sl. The 
informational advantage and optimal choice, in terms of expected monetary payoff, were identical for 
each matched group and self trial (see also supplementary results 8). 
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Responsibility Aversion 


Fig. 2. Behavioral evidence for responsibility aversion. (A and B) Leader- 
ship scores as a function of control-taking in self (A) and group (B) trials. 
The scatter plots and the associated regression line show the (lack of) 
association between normalized leadership scores and a basic preference 
for controlling one’s own or common outcomes. (C) Responsibility aversion 
scores correlated negatively with leadership questionnaire scores (r = —0.46, 
P =2 x 10%). For (A) to (C), each marker (triangles for the original 
behavioral group and squares for the fMRI replication group) represents 
one participant. (D) Responsibility aversion scores (normalized) correlated 
negatively with real-life manifestation of leadership behavior (such as military 
rank, r = —0.49, P = 0.02, data obtainable for n = 21). (E) Out-of-sample 


control experiment to identify the potential im- 
pact of regret, blame, or guilt on responsibility 
aversion. However, none of these measures was 
correlated with responsibility aversion (table S1 
and supplementary results 5, 6, and 8). Moreover, 
the association between leadership scores and 
responsibility aversion remained significant after 
controlling for such measures in a multiple re- 
gression analysis (table S1). Thus, responsibility 
aversion is distinct from other trait-level pref- 
erence categories. This raises the questions of 
why and how it affects decision processes— 
questions that can only be answered by identifying 
the underlying computational mechanism—and 
how the brain implements these processes. 

One possibility is that responsibility aversion 
is driven by a tendency to become more con- 
servative in terms of risk, loss, or ambiguity 
when making choices that can affect others. 
Alternatively, responsibility aversion could be 
driven by an as yet uncharacterized cognitive 
process. Therefore, we analyzed participants’ 
behavior by developing a computational model 
that allowed us to determine the mechanism 
underlying responsibility aversion. 

To convey the logic of our computational 
modeling approach, we first describe the choice 
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behavior that participants demonstrated in the 
baseline and self trials, in which responsibility 
can play no role, and then explain how this in- 
spired our efforts to formally model the mech- 
anisms generating the observed changes in 
behavior for the matched group trials. The pat- 
terns of deferral choices (Fig. 3A) and reaction 
times (Fig. 3B) provide an initial clue as to how 
deferral decisions are made and the type of com- 
putational process that might underlie these 
choices. We estimated subjects’ preference pa- 
rameters (i.e., attitudes toward risk, loss, and 
ambiguity and probability weights), using a pro- 
spect theory model (supplementary methods 3.1; 
see also supplementary results 9), and used these 
parameters to compute the subjective-value dif- 
ferences between accepting and rejecting the 
gamble in each trial. Fig. 3A depicts the pro- 
portion of deferral choices during self trials as 
a function of these subjective-value differences. 

The figure shows an inverted U-shaped pattern. 
For large subjective-value differences, the prob- 
ability of deferral is close to zero, whereas for 
small differences, average deferral rates reach 
almost 60%. Low subjective-value differences 
mean that the values of the two options are 
difficult to distinguish, that is, the discrimina- 
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prediction of leadership scores for individuals in the f 
prediction is based on the parameter coefficients estimated using 
participants in the original, behavior-only dataset and then applied to each 
individual in the independent fMRI dataset to predict 
(for full details, see supplementary results 3). The correlation between 
the observed leadership score and the predicted leadership scores is 

r = 0.44 (P = 0.004). For all scatter plots, the solid line is the best-fit 
regression line, and shaded areas indicate a 95% prediction interval for fit 
lines estimated from new out-of-sample data points. The correlation 
coefficients and P values were calculated by using the nonparametric 
Spearman rank correlation. 
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bility between the options is low, whereas high 
subjective-value differences imply high discrimina- 
bility between the options. This interpretation is 
also supported by reaction-time data (Fig. 3B), 
which show that response times are highest 
when subjective-value differences are low. Thus, 
when there is little doubt that accepting (or re- 
jecting) the gamble is the superior option in a 
given trial, participants generally make the de- 
cision themselves rather than letting the group 
decide. However, when standard preferences 
toward loss, risk, and ambiguity provide little 
guidance about what constitutes the best choice 
because the subjective-value difference is small, 
participants defer more often to the group. 

We thus postulated that responsibility aver- 
sion might be due to changes in the demand for 
certainty about what constitutes the best choice 
when also deciding for others instead of only for 
oneself. According to this hypothesis, the sub- 
jective value of the gamble and the uncertainty 
about what is the best choice do not change be- 
tween the self and the group trials. Rather, it is 
the required level of certainty about the best 
response to the gamble that changes when in- 
dividuals are responsible for others. In mech- 
anistic terms, the demand for certainty in a given 
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Fig. 3. Patterns of deferral A 
behavior. (A) Percentage of 
choices to defer for self trials 
as a function of the subjective- 
value difference between the 
safe and risky options (10 bins; 
negative values indicate a 
relative advantage for the safe 
option, whereas positive values 
indicate an advantage for the 09 
risky option; values calculated 
independently in the baseline 
task by using a prospect theory 
model, see supplementary 
methods 3.1). Bins in the middle 
(-1 and 1) of the x axis are 
those in which the subjective 
values of the risky and safe 
choices are most similar. For 
bins on the extreme right of the 
X axis (5), risky options are 
strongly preferred, whereas safe 
options are strongly preferred at 
the extreme left (—5). (B) Reac- 


% Defer 


5-4-3 


choice condition can be represented by deferral 
thresholds. A deferral threshold is defined by the 
critical subjective-value difference between ac- 
cepting and rejecting the gamble (i.e., the vertical 
lines in Fig. 3C) at which the subject switches 
between preferring to lead, on average, versus de- 
ferring. Naturally, there will be a critical subjective- 
value difference (deferral threshold) for switching 
between deferring and leading in both the neg- 
ative (i.e., when the safe option is preferred) and 
positive (i.e., when the risky option is preferred) 
domains. The thresholds define a critical range 
of subjective-value differences within which the 
participant prefers to defer to the group and be- 
yond which the participant prefers to make the 
decision herself (Fig. 3C). The optimal deferral 
thresholds are determined by the size and pre- 
cision of the subjective-value difference (i.e., 
certainty) and the potential leader’s prior be- 
liefs about the utility of leading and the utility 
of deferring as a function of subjective-value 
differences (supplementary methods 3). If, for 
example, the demand for certainty increases in 
one condition relative to another, then the de- 
ferral thresholds become wider and the potential 
leader will defer more often. 

Thus, a responsibility-averse individual could 
potentially be characterized as someone who de- 
mands higher certainty about what is the best 
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tion times (RTs, measured in milliseconds) as a function of subjective- 
value difference in baseline trials, in which deferring was not an option. 
Thus, we measure the RT specific to the risky or safe choices in every 
trial. In line with a large amount of literature on perceptual and value-based 
decision-making (36), one would predict that low discriminability (higher 
choice difficulty) corresponds to longer RTs, whereas high discriminability 
is associated with shorter RTs. (C) Illustration of the hypothesized 
mechanism involving a shift in a deferral threshold. In the self condition, 
values more extreme than the deferral threshold (orange lines) indicate 
that the participant feels certain enough to make the choice herself, 

in most cases. A shift in this deferral threshold toward the extremes of 
the distribution in the group condition (blue lines) would result in less 
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choice in the group trials compared to self trials, 
which is tantamount to wider deferral thresholds 
in the group trials (Fig. 3, C and D). It is critical 
to note that we are proposing that this mecha- 
nism involves a change in the level of certainty 
required to take the choice when faced with 
potential responsibility for others rather than 
an overall high or low demand for certainty. 
A change in the demand for certainty about 
the best choice represents an alternative mech- 
anism to the hypothesis that changes in the 
subjective-value construction process via pref- 
erences over risk, loss, and ambiguity or prob- 
ability weighting across self and group trials lead 
to responsibility aversion (/4, 15). This “shift-in- 
standard-preferences hypothesis” can, in prin- 
ciple, account for the higher willingness to defer 
in the group trials while maintaining a constant 
threshold across trial types (see fig. $3). For ex- 
ample, if a subject becomes more loss averse in 
the group trials, then the subjective-value dif- 
ference between accepting and rejecting becomes 
smaller in many trials. Therefore, a subject may 
prefer to keep the decision right for a given 
lottery in the self trials (because the subjective- 
value difference is outside the fixed critical range) 
but defer the decision right in the group trials 
(because the subjective-value difference shrinks 
and is now within the fixed critical range). Thus, 
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trials crossing this threshold and a reduced tendency to lead. The 
dashed black line indicates the zero point in the difference between the 
subjective values of the safe and risky options. (D) Shifts in deferral 
thresholds at the individual level. The choice patterns for two example 
participants with either high or low responsibility aversion (29 versus 
0% increase in deferral frequency in the group trials). The point of 
indifference between deferring and leading shifts in the strongly 
responsibility-averse individual (Subject 57) but remains constant in 

the low responsibility-averse participant (Subject 21). Note that we 

use 5, instead of 10, levels of subjective-value difference in the individual 
plots because there are fewer trials at the individual level. For (A) and (B), 


it is not clear a priori which potential mechanism 
is more consistent with the leadership decisions 
we observed. 


A mechanistic explanation 
of responsibility aversion and 
leadership behavior 


We specified a computational model in which 
individuals’ preference parameters and their de- 
ferral thresholds are simultaneously estimated on 
the basis of their behavior in the self and group 
trials. This model constitutes an implicit horse 
race between the shift-in-standard-preferences 
hypothesis and an explanation of responsibility 
aversion in terms of differences in deferral thresh- 
olds across conditions. If standard preferences 
vary substantially between the conditions while 
deferral thresholds remain constant, responsibility 
aversion is best explained in terms of changes 
in conventional preferences. If, however, conven- 
tional preference estimates remain constant across 
group and self trials while the deferral thresholds 
vary, then responsibility aversion can be attributed 
to changes in deferral thresholds and the beliefs 
about the relative utility of deferring that they 
signify. 

Our computational model combines aspects of 
optimal categorization (16, 17), which enable the 
empirical identification of individuals’ deferral 
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Fig. 4. Computational modeling results. (A) Model simulations (blue) versus observed 
data (red) averaged across the group and self trials. (B) Model simulations (blue) of D 
the average proportion of choices (blue) for each of the three alternative options compared 


to empirically observed choices (red). (C) Differences in model parameter values in group 
and self trials. When participants made decisions about potentially taking responsibility 
for others in the group trials, they increased the deferral threshold, such that a larger 
difference in subjective value was needed before they chose to lead. No other parameter 
changed in the group trials (see also figs. S6 and S7 for each dataset separately for 

the full and restricted models). t, stochasticity in the binary choice process; o, noise in the 


Change in Deferral 


representation of the subjective-value difference; Amb, ambiguity preference measure; 
Thr, deferral threshold; Risk, risk-preference measure; Loss, loss-preference measure; 
Bias, measure of left or right asymmetry in deferral thresholds. *The posterior probability 
of a difference between the conditions is >0.999. The blue and gray shading highlight 
significant and nonsignificant changes across conditions, respectively. (D) The change in the deferral threshold, measured in subjective-value units, 
between the group and self conditions. Each bar represents one individual. For (A) and (B), error bars represent SEM; for (C), errors bars represent 95% 
credible intervals because they are obtained from a posterior distribution on the population level (see supplementary methods 3). 


thresholds, with prospect theory (18), which 
enables the empirical identification of individuals 
preference parameters for risk, loss, and ambi- 
guity and probability weights (see supplementary 
methods 3 and supplementary results 9). The 
model simultaneously estimates a condition-specific 
(group or self) deferral threshold and condition- 
specific preference parameters from each indi- 
vidual’s pattern of choices. The probability of 
deferring is jointly determined by the subjective 
value of the gamble and the deferral thresholds. 
The probability of choosing the risky versus safe 
action conditional on leading is determined for 
each decision problem on the basis of the sub- 
jective value of the risky relative to the safe option. 

Our computational model accurately captures 
the patterns of choice behavior (Fig. 4, A and B; 
see also model comparison results in table S2 
and parameter recovery exercise in table S7). 
This allowed us to use it in determining which 
of the underlying components of the decision 
process are affected by responsibility for others’ 
welfare. Direct tests of model parameters be- 
tween conditions showed that the group trials 
led to a specific increase in the deferral threshold 
[mean change (+SD) is 1.26 (40.23); posterior 
probability of a difference between the condi- 
tions is >0.999] but did not influence any other 
model parameter (Fig. 4C). Thus, being re- 
sponsible for others did not change the way 
participants processed key decision-relevant 
information such as reward magnitude, risk, 
or ambiguity but rather induced a shift in the 
deferral threshold, indicating a higher demand 
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for certainty about the best choice in the group 
trials. Critically, the o parameter quantifying the 
noise in the subjective-value difference representa- 
tion, and partially determining the threshold 
values, does not change, suggesting that changes 
in prior beliefs about the utility of leading 
and the utility of deferring as a function of the 
subjective-value difference drive responsibility 
aversion. 

Almost all individuals increased their deferral 
threshold in the group trials relative to the self 
trials (Fig. 4D). Moreover, these individual-level 
changes in the deferral threshold were correlated 
with leadership scores (7 = -0.46, P = 3 x 10“). 
More stable thresholds across conditions were 
associated with higher leadership scores. 

Our results suggest the following theoretical 
conceptualization of the choice to lead or to 
defer: Depending on their demand for certainty 
about the best choice, the subjects establish 
boundaries in subjective-value space (i.e., deferral 
thresholds) that are used to determine whether 
leading or deferring is the best course of action. 
In each lead or defer decision, the subjective 
values of the available options are constructed 
from underlying basic preferences over risk, loss, 
ambiguity, decision rights, and so on. Only once 
these values are constructed can they be com- 
pared to the deferral threshold. Therefore, re- 
sponsibility aversion is fundamentally different 
from basic preferences over risk, loss, and ambi- 
guity or probability weights. Although these 
preferences play a role in determining the sub- 
jective value of the gambles, they are stable 
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across self and group trials and therefore cannot 
explain the existence of responsibility aversion. 
Instead, changes in beliefs about the utility of 
leading and deferring when potentially deciding 
for others underlie responsibility aversion. The 
resulting change in the demand for certainty for 
group trials relative to self trials suggests that a 
form of second-order introspection or metacogni- 
tive processing (2, 19, 20) is involved in responsi- 
bility aversion. 

Although high-scoring leaders can vary sub- 
stantially in terms of underlying preferences 
(e.g., risk, loss, and control preferences), the 
unifying element is that they calibrate their 
prior beliefs about the utility of leading and 
deferring similarly across group and self trials. 
This characterization of the choice to lead is 
compatible with many different leadership 
styles or leadership types (see fig. S4) (17, 21-26). 
Consider, for example, an “authoritarian” leader 
with a strong preference for control and thus a 
very narrow deferral threshold in both the group 
and self trials. Compare her with a “democratic” 
leader with a strong preference for consensus 
who displays a rather broad deferral threshold 
in both group and self trials. Both leadership 
types are consistent with our conceptualization 
of leadership choice, and our theory predicts 
that both will have a high score for goal-oriented 
leadership because the key mechanism under- 
lying the choice to lead is the similarity in the 
deferral thresholds across group and self trials. 
Thus, the choice process we describe can serve 
as a unifying mechanism across the variety 
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Fig. 5. Predictions about A 
responsibility aversion 

and leadership choices 
from a minimal neural 
network model. (A) The 
scatter plot shows the 
correlation between the out- 
of-sample predicted shift in 
deferral thresholds, which 
are based on individuals’ 
connectivity parameters in 
the neural network, and 
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individuals’ observed scores BL. 
computed from their choices = 
(r = 0.79, P=3 x 10°71), 
(B) The scatter plot shows 
the correlation between the 
out-of-sample predicted 
leadership scores, which are 
based on individuals’ 
connectivity parameters in 
the neural network and the 
preference measures in 
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table S1, and individuals’ 
observed leadership scores 

(r = 0.47, P = 0.002). 

(C) Schematic representa- 

tion of a subset of the neural 2 r=0.47 


Observed Leadership Score 


network parameters, 
specifically those most 
closely linked to individual 


differences in the modification of the deferral threshold (see fig. S8 and 
table S6 for all DCM and regression weights, respectively). Individuals 
who shift their deferral threshold showed a reduced influence of mPFC 
activity on the alns. The degree of this reduction was proportional to 
activity in the TG, which is higher in group relative to self trials (arrow 1). 
The reduced influence of mPFC on alns and the impact of TG activity on 
this reduction suggest that the influence of the subjective-value difference 
on choices is modulated under responsibility. Participants with a larger 


of traits and characteristics associated with 
leadership (J, 1). 


Neural mechanisms of 
responsibility aversion 


We next turned to neural data to further under- 
stand the latent determinants of this process 
and how they are implemented in the brain. In 
our computational model, the key factor deter- 
mining whether an individual will assume 
responsibility in any given trial is whether the 
current subjective-value difference exceeds 
the deferral threshold. Consequently, we can 
test the hypothesis that individual differences in 
responsibility aversion will manifest as differ- 
ences in this comparison process at the neural 
level. 

How might such a comparison process be im- 
plemented in the brain? Higher-order cogni- 
tive functions, such as leadership decisions, are 
most likely supported by interactions between 
both local and anatomically distinct pools of 
neurons (27). Therefore, we constructed a min- 
imal model of the neural processing nodes that 
can incorporate the different choice aspects re- 
lated to assuming responsibility and used this 
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minimal network to test manifestations of in- 
dividual differences at the neural level. 

We first used {MRI data from participants who 
made decisions in the delegation task to identify 
brain regions (i.e., potential network nodes) where 
activity correlated with the four key aspects of 
our task: (i) the trial type (group versus self), (ii) 
relying on the group’s decision (defer rather than 
lead), (iii) the subjective-value difference, and (iv) 
the estimated probability of leading, p(/) in each 
trial. Our goal here was not an exhaustive charac- 
terization of all brain activity patterns underlying 
leadership decisions. Rather, we aimed to test if 
activity patterns, centered on the time of choice, 
in a minimalistic brain network, can further un- 
cover unobservable aspects of the internal decision 
process and test the mechanism for choosing 
the responsibility of leadership derived through 
computational modeling of the choice data. 

First, we identified activation that correlated 
with the four aforementioned variables in our 
leadership decision task at the time of choice 
(see tables S3 to S5). The basic contrast testing 
for differential activity as a function of choice 
condition (group versus self) revealed increased 
activity in the middle-superior temporal gyrus 
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shift in deferral thresholds also show a stronger negative effect of the 
TPJ input on the alns (arrow 2). This TPJ activity had a stronger effect on 
the alns among participants who showed a larger shift in deferral 
thresholds. Yellow-colored regions represent parametric correlations 

with trial-wise regressors obtained from our computational model. 
Red-colored regions represent simple binary contrasts. For (A) and (B), 
shaded areas indicate a 95% prediction interval for fit lines estimated from 
new out-of-sample data points. 


(TG) when participants were potentially respon- 
sible for the welfare of others. The temporal 
parietal junction (TPJ) (i) was more active when 
participants deferred their decision right to the 
group and (ii) also increased as a function of the 
informational advantage (i.e., potential benefit) 
available by deferring and taking advantage of 
the other group members’ knowledge regardless 
of the decision outcome (see supplementary re- 
sults 10.2). 

We also used the model-derived, trial-wise esti- 
mates of the subjective-value difference and the 
probability of leading, p(/) as parametric regres- 
sors in our fMRI analyses. These two parametric 
contrasts revealed that the subjective-value dif- 
ference was associated with activity in several 
brain regions, including the medial prefrontal 
cortex (mPFC), whereas the probability of lead- 
ing was most strongly reflected in the activity 
of the anterior insula (aIns; for additional details 
and full results of all univariate analyses, see sup- 
plementary methods 5, supplementary results 10, 
and tables S3 to S5). 

Having identified regional activity (TG, TPJ, 
mPFC, and alns) that correlated with the four 
critical components of our leadership task, we 


6 of 8 


8102 ‘9 IsNBny uo /Hio BewsduUeIDs'a0uUsINS//:d}}y Ody PapeojuUMOq 


RESEARCH | RESEARCH ARTICLE 


next quantified the levels of functional inter- 
action between these four network compo- 
nents. We fit a stochastic dynamic causal model 
(DCM) (28) to estimate the context-dependent 
changes in functional coupling within our net- 
work on the group and self choices (for full 
details, see supplementary methods 5.4). Once 
we obtained the parameters representing the 
levels of local activity and functional coupling 
within our brain network model on group rel- 
ative to self trials, we tested whether these mea- 
sures can be used to predict and, ultimately, 
better understand individual patterns of leader- 
ship choices. 

Individual differences in the parameters of our 
brain network model were indeed predictive of 
individual differences in the shift in deferral 
thresholds and leadership scores (Fig. 5, A and 
B). A model including only the neural network 
parameters yielded accurate out-of-sample predic- 
tions for each participant’s shift in the deferral 
threshold (median split classification accuracy = 
91%, P= 2x 10"). 

We also tested if these neural parameters ex- 
plained variation in leadership scores over and 
above the behavioral measures listed in table S1 
(including responsibility aversion). Model com- 
parison demonstrated that including the pa- 
rameters of the DCM along with the behavioral 
measures provided a better fit to the data (Akaike 
information criterion and Bayesian information 
criterions differences are equal to 186.6 and 119.8, 
respectively). Once again, this combined model 
made accurate out-of-sample classifications of the 
participants’ leadership scores (median split clas- 
sification accuracy = 71%, P = 0.006). 

Next, we turned to the question of which brain 
network parameters best explained individual 
differences in behavior. In our computational 
model of behavior, the deferral thresholds are 
compared to the subjective-value difference to 
determine whether it is best to lead or defer in 
each trial, and these thresholds generally in- 
crease with responsibility for others (Figs. 3D 
and 4C). This widening of the deferral thresholds 
signifies a change in the association between the 
subjective-value difference and deferral-choice 
probabilities, and this change is greater in 
highly responsibility-averse individuals because 
the deferral threshold moves further out. There- 
fore, if mPFC activity is associated with the 
subjective-value difference and alns activity is 
associated with the probability of leading, then 
we should see a differential impact of mPFC 
activity on the alns in participants with larger 
responsibility aversion (ie., greater widening 
of the thresholds) in the group trials. 

This pattern of results was indeed observed 
(Fig. 5C and table S6) and was conditional on 
activity in the TG. Recall that TG activity was 
higher in the group trials compared to the self 
trials. Increased TG activity was associated with 
a lower or inhibited influence of mPFC on alns at 
the neural level. Leaders show less of this in- 
hibition. This provides a potential neural mech- 
anism for the change in deferral thresholds. 
These findings further support the conclusion 
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that responsibility aversion is the result of a 
second-order process operating on the results of 
subjective-value computations generally thought 
to be related to mPFC activity (29, 30). 

We also found that, during the group trials 
(relative to the self trials), there was a stronger 
influence of TPJ activity on the alns in individuals 
who showed a larger shift in deferral thresholds. 
Activity in the TPJ reflected, in our task, the po- 
tential informational advantage available by 
deferring to the decisions of the other group 
members, consistent with theories on the role of 
the TPJ in mentalizing (37). We speculate that 
stronger signaling from the TPJ to the alns in 
group trials may be one means through which 
the deferral threshold is increased, thus produc- 
ing the observed responsibility-averse choices. 


Conclusion 


Being a leader requires making choices that will 
determine others’ welfare. Decisions as diverse 
as committing soldiers to the battlefield or pick- 
ing a school for your child share a basic attribute: 
assuming responsibility for the outcome of others. 
Thus, although the motivations driving one to 
lead a country, business, or classroom are many 
and varied (and domain-specific attitudes most 
likely play an important role), a willingness to 
shoulder responsibility is present in all who 
choose to lead, shaping every level of society for 
better or worse. 

Our results provide a behavioral, computa- 
tional, and neurobiological microfoundation of 
the processes underlying the decision to lead. 
Although early conceptual leadership research 
emphasized the importance, and speculated on 
the nature, of internal decision-making processes 
(32), the necessary empirical and analytic tools 
to directly address these questions were not avail- 
able at the time. We identify low responsibility 
aversion as an important determinant of the de- 
cision to lead and demonstrate, empirically and 
computationally, that it is based on a multilevel 
evaluation of the subjective evidence in favor of 
one potential action over another in the light of 
prior beliefs about the utility of maintaining con- 
trol (33), gaining information, and taking respon- 
sibility for others’ outcomes. 

We provide both a precise empirical measure 
and a theoretical foundation of responsibility 
aversion that make it possible to further ex- 
plore its implications for social and economic 
phenomena (34). There could be a psychological 
cost for assuming responsibility for others’ out- 
comes, which may require extra compensation. 
It may explain why “responsibility” is often used 
to justify pay differentials in hierarchical orga- 
nizations (35), as well as why organizations may 
want to economize on these costs and preferen- 
tially choose individuals with low responsibility 
aversion for leadership positions and why in- 
dividuals with low responsibility aversion are 
more likely to self-select into such positions (see 
Fig. 2D). These conjectures and our characteri- 
zation of the leadership choice process raise many 
future research opportunities, and we hope that 
the empirical and theoretical concepts developed 
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in this paper will prove useful in providing a 
more thorough understanding of these issues. 


Methods summary 


A full description of the materials and methods is 
provided in the supplementary materials. Briefly, 
we collected choice data from 40 participants on 
a decision paradigm in which an individual could 
delegate decision-making power about a choice 
between a risky and a safe option to their group 
or keep the right to decide. In the main task, the 
participants made 140 different choices under 
two conditions: in the self trials, only the in- 
dividual’s payoff is at stake, whereas in the group 
trials, each group member’s payoff is affected. We 
combined computational modeling approaches 
from the perceptual and value-based decision- 
making domains to estimate each individual’s 
personal utility for every available action in 
order to tease apart potential motivations for 
choosing to “lead” or “follow.” In a separate sam- 
ple of 44 participants, we collected choice data 
using the same decision paradigm in conjunc- 
tion with fMRI. The fMRI data were analyzed 
with effective functional connectivity modeling 
techniques to examine the neurobiological basis 
of leadership choices. 
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Multiplexed protein maps link 
subcellular organization to 


cellular states 


Gabriele Gut*}, Markus D. Herrmann’, Lucas Pelkmanst 


INTRODUCTION: Obtaining multiplexed mo- 
lecular readouts from large numbers of single 
cells in situ is an important technological goal 
to facilitate scientific discoveries in basic and 
translational research. Various methods have 
been developed in recent years to achieve spa- 
tially resolved multiplexed measurements of 
the abundance of large sets of mRNAs or pro- 
teins in biological samples. These technologies 
have brought the promise that, through large- 
scale efforts, all functionally relevant cell types 
of an organism will emerge from such mul- 
tiplexed data in an unbiased manner. Fur- 
thermore, these cell types will be able to be 


fact 


maa 


mapped within their physical context within 
a tissue. 


RATIONALE: The involvement of an mRNA 
or protein (state) in cellular function depends 
on its specific intracellular location and inter- 
action with other molecules and cellular struc- 
tures. Moreover, the phenotype of an individual 
cell is determined by the functional state, abun- 
dance, morphology, and turnover of its organ- 
elles and cytoskeletal structures. To functionally 
interpret molecular multiplexed information, 
such measurements will thus need to resolve 
the intracellular length scale. 


Multiplexed | gs 
Cell Units 
I : = 


Iterative indirect immunofluorescence imaging (4i). 41 obtains 40-plexed protein readouts 

at high spatial detail in thousands of cells with the use of off-the-shelf antibodies. Multiplexed 
protein maps derived from such images provide a comprehensive quantitative description of 
compartmentalized intracellular protein composition. These maps can identify new cellular 
states and allow quantitative comparisons of intracellular organization between single cells 

in different cell cycle states, microenvironments, and drug treatments. 


Gut et al., Science 361, 468 (2018) 3 August 2018 


RESULTS: We report a simple, robust, and 
nondegrading protocol that achieves 40-plex 
protein staining in the same biological sample 
using off-the-shelf antibodies called iterative 
indirect immunofluorescence imaging (41). In 
conjunction with high-throughput automated 
microscopy and computer vision, 41 allows 
highly reproducible multiplexed measurements 
from surface areas of several mm? subsampled 
by pixels of 165 nm by 165 nm. This approach 
simultaneously captures functionally relevant 
properties that emerge at the cell population, 
cellular, and intracellular level. 4i can thus 
quantify the influence of local cell crowding on 

protein abundance, the ef- 
fect of cell cycle position 
Read the full article on protein phosphoryl- 
at http://dx.doi. ation, patterns of protein 
org/10.1126/ subcompartmentalization, 
science.aar7042 and organelle morphology 
all in the same single cell 
and across thousands of cells. 

We developed a data-driven computer vi- 
sion approach that generates multiplexed pro- 
tein maps (MPMs). MPMs comprehensively 
quantify intracellular protein composition with 
high spatial detail in large numbers of single 
cells. They are not confounded by the specific 
relative geometry and orientation of an indi- 
vidual cell. Thus, MPMs allow systematic com- 
parisons of subcellular spatial protein distribution 
between single cells that experience different 
cell cycle states, microenvironments, growth 
conditions, or exposure to drugs. Using the 
example of subcellular relocalization of epider- 
mal growth factor (EGF) receptor upon expo- 
sure to EGF, we demonstrate that MPMs allow 
the systematic definition of cellular states un- 
detectable by multiplexed whole-cell measure- 
ments. The findings are functionally relevant 
and can be connected to multiple molecular 
and phenotypic properties apparent at the cel- 
lular and cell population scale. 


CONCLUSION: By preventing photocrosslink- 
ing during imaging, 4i enables multiplexed im- 
munofluorescence with off-the-shelf antibodies, 
both in small-scale and high-throughput exper- 
iments. 41 datasets cover multiple length scales, 
eliminating the need for extrapolation or in- 
ference in the interpretation of results. Integra- 
tion of these length scales in one dataset reveals 
a richness of scale-crossing connections that 
current models of biological processes do not 
yet consider. These connections determine how 
gene expression is adapted to the cellular state, 
how a cell type is determined, how a patho- 
logical cellular phenotype emerges, or how a 
tumor cell responds to a drug. 


*These authors contributed equally to this work. 
{Corresponding author. Email: gabriele.gut@uzh.ch (G.G.); 
lucas.pelkmans@imls.uzh.ch (L.P.) 
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subcellular organization to 
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Obtaining highly multiplexed protein measurements across multiple length scales 

has enormous potential for biomedicine. Here, we measured, by iterative indirect 
immunofluorescence imaging (4i), 40-plex protein readouts from biological samples 

at high-throughput from the millimeter to the nanometer scale. This approach 
simultaneously captures properties apparent at the population, cellular, and subcellular 
levels, including microenvironment, cell shape, and cell cycle state. It also captures 

the detailed morphology of organelles, cytoskeletal structures, nuclear subcompartments, 
and the fate of signaling receptors in thousands of single cells in situ. We used computer 
vision and systems biology approaches to achieve unsupervised comprehensive quantification 
of protein subcompartmentalization within various multicellular, cellular, and pharmacological 
contexts. Thus, highly multiplexed subcellular protein maps can be used to identify 


functionally relevant single-cell states. 


arious methods have revolutionized the 

ability to obtain multiplexed measurements 

of the abundance of hundreds or thousands 

of different molecular species from single 

cells (I-7). These have brought the promise 
that through large-scale efforts, all functionally 
relevant cell types of a human body will, in an 
unbiased manner, emerge from such data (8, 9). 
Because some of these methods can be applied in 
situ, the identified cell types can then be placed 
within the context of a cell population or tissue. 
However, the abundance of a protein or protein 
state, or of an RNA transcript, may not be directly 
informative about its involvement in cellular 
function. This depends on the specific intra- 
cellular location and interaction with other mol- 
ecules and intracellular structures, which may 
only involve a small fraction of the total cellular 
pool (10, 17). Moreover, the phenotype of an in- 
dividual cell is determined by the functional state, 
abundance, morphology, and turnover of its in- 
tracellular organelles and cytoskeletal structures. 
Therefore, to obtain functionally relevant infor- 
mation, these unbiased large-scale methods need 
to extend the length scale of molecular multiplex- 
ing into the intracellular domain and ultimately 
acquire temporal information (72). Recently, a 
tour-de-force study achieved intracellular im- 
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munofluorescence imaging of 12,000 proteins, 
from which an average subcellular map of the 
human proteome was created (8). However, to 
understand how the subcellular distribution of 
the proteome is functionally linked to the phe- 
notypic state of a cell and its microenvironment 
and how it responds to varying conditions, such 
maps must be directly measured in the same 
single cell and across many cells in situ. Various 
powerful methods exist that can achieve spatially 
resolved antibody multiplexing on tissues or sin- 
gle cells with subcellular resolution (4, 5, 13-20). 
None, however, combines the flexibility of indirect 
immunofluorescence with a high-throughput ap- 
proach that can simultaneously obtain multiplexed 
protein readouts from the multicellular, single-cell, 
and intracellular length scales with suborganelle 
resolution for multiple conditions and extracts 
the rich amount of biological information that 
such scale-crossing data contains. 


Multiplexed immunofluorescence with 
off-the-shelf antibodies 


We combined our high-throughput multivariate 
imaging and computer vision approach (22-24) 
with an automated liquid handling platform 
that applies multiple iterations of staining, sig- 
nal removal, and re-staining, a principle used in 
other fluorescence-based multiplexing approaches 
(13, 15, 18). Because photobleaching for signal 
removal was not practical at these scales, we 
chose chemical antibody elution. Moreover, to be 
unrestricted in our choice of antibodies and not 
require primary antibody conjugations, we turned 
to conventional indirect immunofluorescence 
(Fig. 1A and fig. S1, A and B). We noticed that 
when we imaged one site of the sample with an 
automated spinning-disk confocal microscope 


after a standard immunofluorescence protocol 
(first imaging), eluted the bound antibodies from 
the sample, re-stained with only secondary anti- 
body, and checked the efficiency of antibody 
elution (second imaging), we observed that the 
elution efficiency was strongly compromised in 
the region that was exposed to light, but not in 
regions that were not exposed to light during 
the first round of imaging (Fig. 1A). We reasoned 
that this may be caused by the formation of sin- 
glet oxygen radicals during the excitation of fluo- 
rophores (25, 26), which can introduce covalent 
bonds between reactive amino acids (methionine 
and cysteine) of proteins near the fluorophore, 
resulting in the cross-linking of antibodies to the 
sample during exposure to high-energy light 
used in microscopy (27-29). Because this has 
gone unnoticed in previous antibody elution ap- 
proaches (15, 18, 27), it may have prevented com- 
plete elution and led to the use of particularly 
harsh conditions that degrade the sample. 

We next screened combinations of reagents 
that prevent such photoinduced cross-linking 
during imaging without reducing the efficiency 
of photon emission. These should allow complete 
antibody elution under very mild conditions that 
do not visibly remove or degrade antigens (fig. 
S1C). This approach identified an imaging buffer 
that contains a radical scavenger as well as an 
acceptor for free radical-induced photocrosslink- 
ing, a very mild elution buffer, which relies on a 
reducing agent, low pH and chaotropic salts, 
and a blocking buffer that blocks free sulfhydryl 
groups in the sample. For more than 40 different 
antibodies, this combination achieved complete 
elution of primary and secondary antibodies 
over as many as 21 iterations of staining and 
elution, the maximum number of cycles tested, 
while preventing any detectable loss or morpho- 
logical changes in staining (Fig. 1, B and C, and 
fig. SID). Composite images obtained with the 
same antibodies in a Ist, 11th, and 21st iteration 
resulted in nearly identical gray-scale images for 
various types of intracellular structures (Fig. 1D 
and fig. S1E) and in very high single-cell and 
single-pixel intensity correlations between stain- 
ing iterations (Fig. 1, E and F, and fig. S1, F to H). 
A 2 x 2 pixel smoothing further showed that 
small fluctuations occasionally seen for some 
antigens between different rounds of staining 
mainly involve single-pixel shifts. Thus, our high- 
throughput automated iterative indirect im- 
munofluorescence imaging approach (which we 
refer to as 4i) can obtain multiplexed signals 
from areas as large as several mm? that are 
quantitatively reproducible over at least 20 it- 
erations from subsamples as small as 165 nm by 
165 nm, which corresponds to the surface area of 
a single pixel when acquired with a 40x objective 
and a scientific complementary metal oxide semi- 
conductor (sCMOS) camera. 


40-plex 4i across multiple length scales 


We then applied 4i on populations of human 
tissue culture cells (Fig. 2A). Image acquisition 
covered the full cell height with 18 zplanes, which 
were computationally integrated by maximum 
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intensity projections, on a total surface area of 
6.25 mm”, capturing ~20,000 single cells, for each 
of 11 different experimental conditions (Fig. 2, B 
and C, and fig. S2A). Collectively, these images 
contain multivariate molecular and phenotypic 
information across several orders of magnitude 
of spatial scales, providing the possibility of di- 
rectly studying connections between multiple levels 
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of biological organization. For instance, they 
allowed visualization of the influence of local 
cell crowding on the abundance of cytoskeleton- 
associated proteins, an emergent property at the 
cell-population level (Fig. 2D, left panel), or of 
how position in the cell cycle affected the phos- 
phorylated state of a protein, a property at the 
cellular level (Fig. 2D, right panel). At the same 
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time, it allowed assessment of protein subcom- 
partmentalization, a property at the subcellular 
level, with enough resolution to capture the de- 
tailed morphology of cytoskeletal structures and 
organelles, such as microtubules, actin ruffles 
and focal adhesions, multiple types of endosomes, 
individual tubules of mitochondria, and rib- 
bons of the Golgi complex (Fig. 2E), all in the 
same single cell and across hundreds of thou- 
sands of cells. 


Multiplexed single-cell analysis 


By applying a series of image processing and 
cellular computer vision methods (22-24, 30) 
(fig. S2, C to E), we generated a 4i image dataset 
with ~10° single-cell measurements (fig. S2B). As 
expected, these measurements were well suited 
to the types of analysis usually performed with 
other multiplexed single-cell methods (31-33). 
Through the ability to combine various types of 
single-cell measurements apparent at different 
length scales, 41 could provide insights that are 
generally not considered in single-cell approaches. 
For instance, the variance in phenotypic proper- 
ties emergent at the cell population and cellular 
scales, such as in cell size or DNA content, is 
strongly underestimated by clustering single cells 
based on the mean intensities of their multiplexed 
molecular stains only (fig. S2, F to J). Analyzing 


Fig. 1. 4i achieves 40-plexed spatially 
resolved molecular readouts. (A) |IF against 
TUBAIA without Imaging Buffer (First imaging, 
orange area), after which antibodies were 
eluted, sample was re-stained with secondary 
antibodies (sec. abs.) only, and a larger area 
was imaged (Second imaging, green areas). 
Images from first and second imaging are 
rescaled independently. (B) 4i elutes primary 
and secondary antibodies repeatedly from the 
sample and preserves dynamic range. Box plots 
of integrated cell intensity for multiple primary 
antibodies detected by AF488- (left) or 
AF568-labeled (right) sec. abs. Background: 
Cells incubated solely with secondary anti- 
bodies. (C) Alternating application of 4i against 
CTNNBI1 and TUBAIA in the same cells for 

21 cycles The cyan-, magenta-, and yellow- 
boxed images were used to generate composite 
images in (D). Images from different cycles 
were rescaled differently. (D) Composite images 
from the boxed images in (C). Images from 
different cycles were rescaled differently prior 
to composite image creation. (E) Box plots 

of pairwise single-cell correlations of integrated 
cell intensity measured for either CTNNBI1 or 
TUBAIA between 21 cycles. Number of cells: 
16,000. (F) Box plots of pairwise pixel intensity 
correlations between 21 cycles for CTNNB1 
(cyan), TUBAIA (green), and between CTNNB1 
and TUBAIA (purple) in images either 
unsmoothed or smoothed by a 2 x 2 mean filter. 
Number of cells: 16,000. Box plots indicate 
population median (central mark), interquartile 
range (box), 99.3% of population range 
(whiskers), and outliers (dots). 
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Fig. 2. 4i in high-throughput generates information across multiple 
spatial scales. (A) Schematic representation of the 4i protocol. (1) The 
sample is blocked to prevent nonspecific antibody binding and blocking of 
free sulfohydryls by thioether reaction with maleimide. (2) Indirect immuno- 
fluorescence (IF) against two antigens is performed. (3) Sample is imaged in 
Imaging Buffer. (4) Elution Buffer elutes antibodies from the sample, which 
can subsequently undergo another round of 4i. (B) 4i protocol performed in 
384-well plates in a high-throughput workflow combined with automated 
spinning-disk microscopy. Wells were imaged at 40x magnification in a 

7 x 6 tiled fashion for 21 4i cycles. Image analysis was performed to identify 
cells and generate segmentation masks of cell, cytoplasm, and nucleus. 

(C) Diagram of cell numbers excluded from analysis through quality control. 
(D) Tiled overview (3 x 3 imaging sites) of a HeLa cell population stained 
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for TUBAIA (yellow) and CTNNBI1 (magenta). Upper right: Segmented cells 
color-coded for distance to cell islet edge. Lower right: Quantification of 
differential protein mean concentration as a function of cell crowding. Solid 
lines, median; shading, interquartile range. Orange square: region used for 
the single-cell-level panel on the right, depicting stains for CCNB1 (cyan), 
PCNA (magenta), and p-RPS6 (yellow). Red-dashed square, region visualized 
on the right, where segmented cytoplasm is color-coded for p-RPS6 mean 
cell intensity and segmented nuclei for position in the cell cycle. Orange 
square: region used for (E). (E) Visualization of the subcellular distribution 
of 18 4i stains. Each subpanel consists of two three-channel composites 
(whole region and higher magnification of orange squares) and three gray- 
scale images of the individual 4i stains at higher magnification. The number 
next to each staining label indicates their corresponding 4i acquisition cycle. 
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the covariance in phenotypic properties and mo- 
lecular readouts could, among others, reveal a 
differential regulation of cytoskeletal components 
as a function of local cell crowding, and a discrete 
stepwise increase in phosphorylated S6 (p-RPS6) 
as a function of cell cycle phase in the same 
single cells (fig. S3, A to H), the mechanisms of 
which are not well understood. Although these 
are important observations for future studies, we 
here decided to specifically focus on a scale in 
the dataset that has been even less studied in 
conjunction with the other scales—namely, that 
of multiplexed single-pixel measurements. 


Multiplexed single-pixel 
analysis framework 


To capture the full amount of information that the 
pixel scale contains within its 16-bit single-pixel 
intensity measurements, we represented each 
pixel as a vector of 34 multiplexed 4i intensities 
and applied a two-step clustering approach that 
identifies, in an unsupervised manner, different 
pixel types in the dataset, ensuring that rare, but 
relevant types were preserved (fig. S4, A and B, 
and table S2). A pixel type represents a subset of 
single pixels that share a distinct multiplexed 
intensity profile, which is different from the other 
identified pixel types. Because the clustering is 
derived from a large number of different, inde- 
pendently obtained multiplexed signals, they are 
robust to technical noise in an individual stain. 
This also reduced the influence that superimpo- 
sition artifacts introduced by maximum intensity 
projection of Z stacks have on the clustering of 
single pixels, particularly from the nuclear region. 
Although some fluorescent signal of a protein 
stain, which is localized in the cytoplasm, may 
be measured in pixels assigned to the nuclear 
region (as some of the fluorescent signal could 
be localized under or on top of the nucleus), 
multiplexed pixel clustering will remain robust, 
because it is dominated by multiple true nu- 
clear signals whose fractions of total signal in 
those pixels is much higher. After pixel types 
were determined, we then assigned each two- 
dimensional (2D) pixel position in each analyzed 
cell to its corresponding type, which we term 
multiplexed cell units (MCUs) (Fig. 3A). The 
classification into MCUs was unsupervised and 
based only on information contained within the 
34-plex intensity profiles of a very large number 
of pixels (~10”) sampled from a large number of 
single cells (ranging from 300 to 2000), which 
can be phenotypically very different. Nevertheless, 
MCUs demonstrated highly specific multivariate 
profiles and extensive intracellular organization 
(fig. S4, C to H), indicating that they contain gen- 
eralizable information about protein subcompart- 
mentalization at high spatial detail (Fig. 3A and 
fig. S4H). 

To capture how these MCUs localize relative 
to each other, we next calculated the extent to 
which the 2D pixel positions of one MCU borders 
the 2D pixel positions of another MCU (Fig. 3A) 
and used this quantification to create a map of 
MCU proximities. We call such maps multiplexed 
protein maps (MPMs) (Fig. 3B), where each MCU 
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is represented as a node. The size of a node 
reflects the fraction of pixels that were assigned 
to that MCU; the distance between nodes reflects 
their similarity in bordering pixels from other 
MCUs (fig. S4F); and the node edges reflect direct 
spatial proximity or avoidance between two MCUs. 
As illustrated in one particular single cell (fig. S4, 
H and J), the resulting MPM identified multiple 
MCUs within the nucleus, based on specific com- 
binations of DNA stain, nuclear cytoskeleton, 
DNA replication factors, proteins involved in the 
cell cycle, transcription factors, and ribosomal 
RNA processing factors (Fig. 3B). It also identi- 
fied separate MCUs within the inner and outer 
nuclear envelope (fig. S4G) and multiple MCUs 
around the microtubule-organizing center (MTOO), 
including those enriched in specific combina- 
tions of Golgi complex and various endosome 
markers. In addition, it identified multiple MCUs 
in the extended cytoplasm enriched in various 
combinations of endoplasmic reticulum (ER), 
mitochondria, peroxisome, and late endosome 
markers including microtubules, as well as mul- 
tiple MCUs in the cell periphery, reflecting spe- 
cific combinations of markers of focal or cell 
adhesions, phosphorylated growth factor recep- 
tors, and the actin cytoskeleton (Fig. 3B). Thus, 
we developed a data-driven, unsupervised com- 
puter vision approach to comprehensively quan- 
tify protein organization with submicrometer 
spatial detail in hundreds of single cells without 
being confounded by the specific relative geom- 
etry and orientation of an individual cell. This 
allowed systematic comparisons of subcellular 
spatial protein distribution between single cells 
that experience different states, microenviron- 
ments, growth conditions, or exposure to drugs. 


Proof-of-principle findings with 
multiplexed single-pixel analysis 


To explore, as a proof of principle, what such 
analyses could reveal, we compared the abun- 
dance of MCUs and their spatial interactions 
between cells in different phases of the cell cycle 
(Fig. 4, A and B). As expected, MCUs containing 
cell cycle markers showed strong differences in 
abundance between different phases. A cytoplas- 
mic MCU enriched for cyclin B1 (MCU 17) was 
more abundant in cells in Ga, whereas a nuclear 
MCU enriched for cyclin E (MCU 20) was much 
more prevalent in G, cells. The MPM also iden- 
tified other nuclear MCUs (MCU 9, 10, and 13), 
which contained specific combinations of c-Myc, 
phospho-4EBp1, and YAP and which were more 
abundant in cells in G5. Similarly, it identified 
cytoplasmic MCUs enriched in phospho-S6 (MCU 
3 and 29) as being more abundant in cells in Go. 
This reflects the adaptation of signaling activities 
and their downstream effects on transcription 
factors to the cell cycle (34-37). The approach 
also correctly identified the duplication of the 
centrosome (PCNT) in Go, as well as the con- 
comitant increase in abundance of Golgi com- 
plex markers (38) (TGN46, GM130) (MCU 27), 
which are key functional differences between 
single cells in different positions of the cell cycle 
that are only represented by MCUs covering a 


few pixels. Highlighting all these MCUs in par- 
ticular single cells (fig. S5, A to D) underscores 
their accuracy and sensitivity (fig. S5, A to D). 
When we compared single cells that experience 
either low or high local cell crowding (Fig. 4, C 
and D, and fig. S5, E to H), we observed that 
MCUs containing markers of multiple endocytic 
organelles in various subcellular locations (MCU 
12, 14, 15, 19, 22, and 37) were more abundant, 
relative to cell size, in cells experiencing high 
crowding. In contrast, MCUs containing mark- 
ers of mitochondria (HSP60) and peroxisomes 
(ABCD3) (MCU 6, 16, 25, 28, and 29) were more 
abundant, relative to cell size, in cells experienc- 
ing low crowding. This is in line with previous 
observations for lysosomes (23) and mitochon- 
dria (39) and suggests the existence of a mecha- 
nism that inversely adapts the abundance of 
organelles involved in catabolism versus biosyn- 
thesis to the available space that a single cell has 
for growth. Thus, our unsupervised data-driven 
approach accurately and sensitively quantifies 
changes in cellular subcompartmentalization at 
high spatial detail and enables the meaningful 
interpretation of intracellular complexity by in- 
tegrating multiple small differences in each of 
the multiplexed measurements. 

As a second proof of principle, we created a 
new MPM from cell populations that were ex- 
posed to nine frequently used small-compound 
inhibitors or different growth conditions. To this 
end, we randomly selected 200 cells from each of 
the nine perturbations and 200 control cells to 
construct an MPM from a total of 2000 single 
cells (fig. S6, A to C). This MPM revealed exten- 
sive and widespread changes in the spatial 
organization of proteins, both expected and non- 
expected. For instance, a 3-hour treatment of cells 
with brefeldin A, an inhibitor of the guanosine 
triphosphatase Arfl used to study ER-to-Golgi 
traffic, resulted in the expected disappearance 
of the MCU containing markers of the Golgi 
complex (MCU 19) (Fig. 5A, B and fig. S6D). Un- 
expectedly, we also observed relocalization of 
mitochondria away from the MTOC (MCU 11) 
and toward the periphery (MCU 5), an increase 
in enlarged peroxisomes in the vicinity of the 
ER (MCU 26), and an increase in actin-positive 
structures in the cell periphery (MCU 29), as 
visualized on single-cell examples (Fig. 5, C to E, 
and fig. S6E). Treatment of cells with nocodazole 
(Fig. 5, F and G), which depolymerizes microtu- 
bules and thus depletes a-tubulin staining across 
many cytoplasmic MCUs (fig. S6, B and F), also 
resulted in an increase in nuclear MCUs en- 
riched in YAP (MCU 13, 18) (Fig. 5, G and H, 
and fig. S6H), in MCUs of intermediate filaments 
(vimentin) (MCU 6, 30) (Fig. 5, G and H, and fig. 
S6G), and in MCUs of cell adhesion structures 
containing signaling kinases in the cell periphery 
(MCU 3, 27, 28, 38) (Fig. 5, H and I, and fig. S6I). 
Treatment of cells with bafilomycin (Fig. 5, J 
and K), an inhibitor of the vacuolar adenosine 
triphosphatase that mediates endolysosome acid- 
ification, resulted in an expected increase in MCUs 
containing markers of lysosomes (LAMP1) and 
autophagosomes (LC3B) (MCU 17, 31) (fig. S6, 
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Fig. 3. Multiplexed protein maps of multiplexed cell units. (A) Schematic 
of the statistical analysis for the identification of MCUs by two-step clustering of 
multiplexed pixels and the generation of MPMs (fig. S4A). (1) All multiplexed 
pixels of cells are extracted and (2) clustered using self-organizing maps 
(SOMs) and Phenograph. (3) Identified clusters are called MCUs. MCUs 
represent areas in cells comprising pixels with common profiles of 16-bit 
multiplexed 4i marker intensities. (4) Pairwise spatial proximity scores (SPSs) 
between all MCUs are calculated. (B) Graphical representation of an MPM 

for a population of 300 HeLa cells. MCUs, represented as nodes, are placed 
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within a 2D plane using t-SNE. Node diameter represents the fraction of 
pixels assigned to that MCU. Nodes are connected by their pairwise SPS. SPS 
values >2.5 standard deviations away from the mean are depicted as edges 
and colored red when negative and blue when positive. Dashed black circles, 
spatial proximity domains (SPDs), drawn manually. MCUs within an SPD 

are projected onto the cell segmentation of a representative cell; the color 
coding of MCU projections and nodes in the MPM are the same. Heatmaps 
next to the cell segmentations are z-scored intensity values for the four stains 
with the highest intensities measured in each of the projected MCUs. 


5 of 13 


802 ‘9 IsNBny uo /Hio Bewseduelds'a0usINS//:d}}y WO4y papeojuUMOq 


RESEARCH | RESEARCH ARTICLE 


J and K). Unexpectedly, we also observed an in- 
crease in a nuclear MCU containing YAP (MCU 
18) (Fig. 5K and fig. S6L) and the heterogeneous 
appearance of a small MCU near the MTOC 
positive for caveolin-1 and vimentin (MCU 44) 
(Fig. 5 L). Similarly, we found that other well- 
known inhibitors—such as latrunculin A, which 
prevents actin polymerization, wortmannin, 
which inhibits phosphatidylinositol 3-kinase, and 
rapamycin, which inhibits mechanistic target 
of rapamycin (mTOR)—as well as differential 
exposure to growth factors, all had multiple 
effects on the intracellular organization of cells 
(fig. S7). Thus, a single MPM analysis reveals, 


A 


Cell Cycle 


Nucleolus 


a" Br, Cell Periphery 
hi. 


¢ \\ 


ASS 20 


eg N 
i ' 
K ) /Endosomes & 


NL <=? Golgi 
| G1 MCUs area 
9. le MCUs ae 
C1 iii G2 


WABAOOOLEEL! 


Oma 


QOhighlighted MCU 


NOMA CODE: 
NMoUN 
ONC =H STHHYVO 


Cell Crowding 


Nucleolus 


-"@o.~ 
vo ® x 


Cell Periphery 


Nuclear 
envelope 
‘a ~~ 


HC MCUs area) 


'og,(F MCUs area 


ONNNID 
WON 
COFOR BASNS 


Gut et al., Science 361, eaar7042 (2018) 


3 August 2018 


Mitochondria 


in an unsupervised fashion, systems-level changes 
of intracellular protein organization in hundreds 
of single cells from 10 different treatment con- 
ditions enabling a detailed profiling of the phe- 
notypic responses of cells to drugs or different 
growth conditions. 

As a third proof of principle, we asked whether 
MPMs can provide insights into the heterogene- 
ity that underlies the responses of single cells to 
perturbations. For each perturbed condition, we 
clustered the 200 randomly selected single cells 
based on their profile of MCU sizes (the fraction 
of pixels of that single cell belonging to an MCU) 
and compared this to a clustering of single cells 
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based on a profile of mean single-cell intensities 
of the multiplexed markers. This comparison re- 
vealed that each method identifies different sub- 
populations and that pairwise comparisons of 
single cells based on MCUs contain more infor- 
mation for seven out of nine conditions (Fig. 6A 
and fig. S8A). This result indicates that MPMs 
provide additional information for the identifi- 
cation of cellular states. To explore the functional 
relevance of states identified by MPMs, we fo- 
cused on cells exposed for 3 hours to epidermal 
growth factor (EGF). Among these cells, the 
MCU-based clustering identified seven different 
subpopulations (fig. S8, B and C), which showed 


Fig. 4. MPMs reveal subcellular reorganiza- 
tion by cellular state and microenvironment. 
(A) MPM in which MCUs are color-coded for 
being more abundant in cells in G; versus cells 
in G2 phase of the cell cycle. Green: MCU more 
abundant in G; cells. Magenta: MCU more 
abundant in Go cells. Nodes of special interest 
are numbered as in Fig. 3B and outlined in purple. 
(B) Heatmaps of z-scored intensity loadings of 
Ai stains of highlighted MCUs in (A). First 
heatmap, MCUs associated with cell cycle 
markers (17 and 20), loaded with CCNB1 and 
CCNE1, respectively (yellow boxes). Second 
heatmap, nuclear MCUs (9, 10, and 13) loaded 
with growth signaling-related transcription 
factors c-MYC, p-4EBP1, and YAP (light green 
boxes). Third heat map, cytoplasmic MCUs 
associated with growth signaling (3 and 29), 
loaded by p-RPS6 (light green boxes). Fourth 
heatmap, MCU 27, which demarcates centro- 
somes stained by PCNT and contains Golgi 
markers (GM130, TGN46) (magenta boxes). 

(C) MPMs in which MCUs are color-coded based 
on their abundance in cells experiencing high 
(HC, green) versus low (LC, magenta) crowding. 
Nodes of special interest are numbered as in 
Fig. 3B and outlined in purple. (D) Heat maps 
of z-scored 4i intensity loadings of 4i stains 

of highlighted MCUs in (C). First heatmap, 
MCUs associated with endomembrane system 
(12, 14, 15, 19, 22, 37, dark green boxes), which 
are more abundant in cells at HC. Second 
heatmap, MCUs associated with mitochondria 
and peroxisomes (6, 16, 25, and 28, pink 
boxes), which are more abundant in cells at LC. 
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strong differences in the abundance of various 
MCUs containing markers for early endosomes 
(EEA1) (MCU 19, 20, 34), cell adhesion structures 
such as phosphorylated focal adhesion kinase 
(pFAK) (MCU 38, 28, 38) and B-catenin (CTNNB1) 
(MCU 27), autophagosomes (LC3B) (MCU 31), 
and late endosomes and lysosomes (LAMP1) 
(MCU 32, 34, 39, 40) (Fig. 6, B and C). To il- 
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lustrate these differences and appreciate their 
subcellular organization, we depicted these MCUs 
in selected single cells from each of the seven 
subpopulations (Fig. 6B). When we quantified 
the MCUs in which epidermal growth factor re- 
ceptor (EGFR) concentrated upon addition of 
EGF, we observed markedly different responses 
in the seven subpopulations (Fig. 6D). In one of 
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(D) Projection of MCU 5 and 11 onto HSP60 staining. MCU 5, densely 
packed perinuclear mitochondria, MCU 11, reticulated mitochondria. 

(E) Image of actin in BFA-treated and control cells. (F) MPM color-coded 
for MCU response to nocodazole treatment, highlighting enlarged focal 
adhesions (FA) with increased p-EGFR signal, increased nuclear YAP and 
c-MYC levels, and fortified intermediary filaments. (G) Heatmap of 

Ai marker intensities for MCUs marking FAs. (H) Spatial distribution of 
highlighted MCUs in nocodazole-treated and control cells. Scale bar, 5 um. 
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in lysosomes (MCU 32, 39, 40) (subpopulation 7) 
(Fig. 6, D and E). Although the endocytic traf- 
ficking of EGFR to lysosomes is well understood 
(40-42), this result shows that the subcellular fate 
of EGFR upon stimulation by EGF can be highly 
heterogeneous in a population of genetically iden- 
tical cells and that this can be quantified in an 


unsupervised high-throughput manner using 
4i. Having captured this observation within a 
4i dataset allowed us to relate these different 
subcellular fates of EGFR to molecular, pheno- 
typic, or microenvironmental properties apparent 
at higher scales. Analyzing such relationships 
revealed that cells from subpopulation 2, which 


do not relocalize their EGFR to lysosomes, dis- 
played sustained phospho-EGFR specifically in 
MCUs corresponding to actively signaling focal 
adhesion structures (MCU 3, 27, 28, 38) (Fig. 6C 
and fig. S8D). These cells also had a larger sur- 
face area and experienced particularly low local 
cell crowding (Fig. 6F), possibly contributing to 
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relocalization of EGFR. (A) Two hundred EGF-stimulated cells 
hierarchically clustered by their pairwise coefficients of correlation of 
MCU sizes (white-to-purple—scale image, dendrogram), overlaid by 
Phenograph clustering of MCU sizes (colors). Top right corner, entropy 
measured in MCU size- and mean cell intensity—based dissimilarity matrix. 
(B) MCUs most characteristic of each of the seven subpopulations of 
cells were projected onto the cell and nucleus outlines of a representative 
cell from a nontreated control and from each of the seven EGF-treated 
subpopulations (1 to 7). Scale bar, 5 um. (©) Heatmap of 4i marker 
intensities (z-scored) of MCUs characteristic for the seven subpopulations. 
MCU 2: a non-organelle-specific region in cells. MCU 3, 27, 28, 38: focal 
adhesions with strong loadings of p-FAK, CTNNB1, VINC, and actin. 

MCU 19, 20: early endosomes with strong loadings of EEA1. MCU 32, 

34: endosomes with strong loadings of both EEA1 and LAMP1. MCU 39, 
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relative fraction of EGFR intensity within selected MCUs [MCU order 
and IDs as in (C)] in control cells (Ctrl), averaged over all subpopulations 
(1 to 7), and in each subpopulation (1, 2, 3...,7). Pie charts represent 
fraction of EGFR intensity in selected MCUs compared to all MCUs. 

(E) Cells from subpopulation 1, 4, and 7 stained for EGFR (black) and 
overlaid with spatial projections of early endosome- (cyan) and 
lysosome- (yellow) associated MCUs. Scale bar, 5 um. (F) Box plots of 
nuclear area, distance from cell islet edge, cell crowding, and cell cycle 
phase distribution of cells belonging to subpopulations 1, 2, 4, and 7. 
Dashed gray lines: cell cycle phase distribution in control cells. Significant 
differences measured by pairwise two-sided Kolmogorov-Smirnov tests. 
*p < 0.05, **p < 0.01. ***p < 0.001. Box plots: population median (central 
mark), interquartile range (box), 99.3% of population range (whiskers), 
and outliers (dots). 
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the emergence of cell crowding-dependent so- 
cial cellular behavior (43). In contrast, cells that 
relocalized their EGFR to lysosomes (subpopula- 
tion 7) showed less phosphorylated EGFR in the 
cell periphery but more on endosomes (MCU 20) 
(fig. S8D). These cells were smaller, further away 
from cell colony edges, and predominantly in G, 
phase of the cell cycle (Fig. 6F). Using mean 
single-cell intensities would not have identified 
these functional differences (fig. SSF). Thus, cel- 
lular states specifically defined by the subcellular 
organization of their proteins are functionally 
relevant and can be connected to multiple molec- 
ular and phenotypic properties apparent at the 
cellular and cell population scales (fig. S8G). 


Discussion 


We have developed 4i, a simple and robust pro- 
tocol for multiplexed indirect immunofluore- 
scence, which can detect at least 40 protein 
states in the same cell. Its uncomplicated de- 
sign makes it compatible with high-throughput 
setups for the simultaneous study of multiple 
conditions. Because of its high reproducibility 
at the subcellular level, we could develop an 
analysis workflow, which quantifies subcellular 
organization at high spatial detail in thousands 
of single cells based on multiplexed single-pixel 
profiles. 4i builds on a well-established high- 
throughput multivariate imaging platform (22-24) 
combined with automated liquid handling that 
applies the proven principle (13, 15, 18) of iter- 
ative staining and signal removal. It uses off- 
the-shelf antibodies without the need for special 
conjugations, resulting in high signal yield due 
to the use of bright fluorophores and signal amp- 
lification by a secondary antibody. By preventing 
photocrosslinking during imaging, the approach 
enabled complete removal of both primary and 
secondary antibodies with a mild elution buffer, 
while preserving the sample even at the smallest 
spatial scale across a large number of cycles. 
This comes with the added advantage that epi- 
tope masking upon the detection of multiple 
antigens in close proximity is precluded. Clearly, 
because 4i is based on conventional indirect im- 
munofluorescence, it shares the same limita- 
tions, such as possible artifacts arising from cell 
fixation and permeabilization, or compromised 
antibody specificity. In addition, although already 
greatly minimized, some remaining artifacts 
due to iterative sample handling and staining 
cannot be avoided. In the future, new fixation 
and sample embedding methods, combined with 
complete automation, may even further reduce 
these limitations and speed up duration of the 41 
protocol. 

To make full use of 41 data, it was important to 
develop a computational strategy that extracts, 
in an unsupervised manner, quantitative infor- 
mation from various length scales. In particular, 
the unsupervised subdivision of cells into mean- 
ingful, subcellular regions using the full 16-bit 
information from each of the 40 multiplexed 
channels of millions of single pixels provides a 
handle on subcellular complexity that the hu- 
man eye and brain cannot process. It allows for a 
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comprehensive quantitative analysis and compa- 
rison of cellular subcompartmentalization with- 
out being confounded by the specific relative 
geometry and orientation of each cell. This com- 
putational analysis can now be combined with 
computer vision approaches that specifically 
quantify geometric properties of cells and sub- 
cellular objects, for which there are readily avail- 
able tools (44, 45), to study the interplay between 
subcellular protein composition and cell and or- 
ganelle orientation and shape. This might be 
especially powerful in the study of cellular pro- 
cesses with a well-described list of molecular 
markers, such as vesicle trafficking. Although 
here we restricted our analysis to 2D projections 
of Z stacks of single tissue culture cells, our ap- 
proach could also be applied to voxels, which 
should further reduce possible superimposition 
artifacts and will allow for the multiplexed char- 
acterization of more advanced 3D tissue culture 
systems such as organoids and organotypic slice 
cultures. In addition, 4i and multiplexed pixel 
profile analysis could be used in translational ap- 
plications, which could lead to the development 
of multivariate intracellular biomarkers to char- 
acterize patient-derived samples. Moreover, the 
ability to obtain quantitatively reproducible 
single-pixel measurements promises that 4i will 
be applicable in even higher-resolution light mi- 
croscopy, including super-resolution approaches, 
as previously suggested (46). The ability to bridge 
biological length scales is one of the major chal- 
lenges in the life sciences. Usually, extrapolation 
or inference is applied. However, to predict how 
properties at a higher scale emerge from multi- 
ple interactions occurring at a lower scale, and 
how these feed back on each other, it is necessary 
to cover multiple length scales within one mea- 
sured dataset. Such datasets contain a richness of 
connections between scales that current models 
of biological processes do not yet consider. How- 
ever, it is exactly these connections, by which 
gene expression is adapted to the cellular state, 
that determine how a cell type is specified, how 
a pathological cellular phenotype emerges, or 
how a tumor cell responds to a drug. 


Materials and methods 
Materials 
Cell line 


HeLa Kyoto (human cervical epithelial cell line, 
Prof. J. Ellenberg laboratory, EMBL, Germany). 
Cells were tested for identity by karyotyping (47) 
and tested for absence of mycoplasm before use. 


Complete medium(CM) 


CM consists of 10% Fetal Bovine Serum (FBS), 
and 5% Glutamine in DMEM. DMEM (Life- 
technologies), Fetal Bovine Serum (Sigma Aldrich), 
Glutamine (Lifetechnologies). 


Pharmacological perturbations 


Epidermal Growth Factor (EGF) (Milipore), 
Nocodazole (Sigma Aldrich), Latrunculin A (Sigma 
Aldrich), Bafilomycin Al (Sigma Aldrich), Brefeldin 
A (Sigma Aldrich), Wortmannin (Sigma Aldrich), 
Rapamycin (Sigma Aldrich). 


Ai blocking solution (sBS) 

sBS consists of 1% Bovine Serum Albumine 
(BSA), and 150mM Maleimide in phosphate 
buffered saline (PBS). Maleimide is added to 
aqueous solution just before Blocking step in 
4i protocol. BSA (Sigma Aldrich), Maleimide 
(Sigma Aldrich) 


Conventional blocking solution (cBS) 


cBS consists of 1% Bovine Serum Albumine 
(BSA) in phosphate buffered saline (PBS). BSA 
(Sigma Aldrich) 


Imaging buffer (IB) 


IB consists of 700mM N-Acetyl-Cysteine (NAC) 
in ddH,0. Adjust to pH 7.4. NAC (Sigma Aldrich) 


Elution buffer (EB) 


EB consists of 0.5M L-Glycine, 3M Urea, 3M 
Guanidinum chloride (GC), and 70mM TCEP- 
HCl (TCEP) in ddH,0. Adjust to pH 2.5. L-Glycine 
(Sigma-Aldrich), Urea (Sigma-Aldrich), GC (Sigma- 
Aldrich), TCEP (Sigma-Aldrich). 


Primary antibodies 


Antibodies were selected based on the following 
criteria: 1. Successful use of antibody in immuno- 
fluorescence has been published in the past in 
scientific literature. 2. Antibody is raised against 
epitopes on bona fide markers of organelles. 3. 
To ensure same number of antibodies raised in 
both mouse and rabbit. While testing antibodies 
for this study, two (antibody against epitope 
on TOM20 (Abcam ab56783) and CAT (Abcam 
ab110292)) out of more than 50 antibodies were 
identified to not work with the 4i protocol. In- 
formation on antibodies used in this study is in 
found in Supplementary Table S1. 


Secondary antibodies 


Anti-mouse AlexaFluor-488 was diluted 1:600 
and anti-rabbit AlexaFluor-568 was diluted 1:300 
in cBS respectively. Anti-mouse AlexaFluor-488 
(Lifetechnologies), anti-rabbit AlexaFluor-568 
(Lifetechnologies) 


DNA stain solution (DSS) 

4', 6-Diamidino-2-phenylindole (DAPI) diluted 
1:250 to 1:50 in PBS. DAPI concentration was 
increased with increasing numbers of elutions 
to compensate for signal lost due to depurina- 
tion of DNA, and the resulting reduced binding 
affinity of DAPI to DNA.DAPI (Lifetechnologies) 


Computational infrastructure 


Image analysis steps were performed on the high- 
performance cluster computer Brutus at ETH 
Zurich. Extraction of multiplexed pixel profiles, 
as well as their clustering using Self-Organizing 
Map algorithms were performed on Science 
Cloud UZH. All other described computational 
methods were executed on a desktop computer. 


Methods 
Cell Culture 


Cells were cultured in Complete Medium at 
37°C, 95% Humidity and 5% COs. 750 cells per 
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well were seeded in a 384-well plate (Greiner) and 
were grown for 3 days in the above-mentioned 
conditions. 


Pharmacological and 
metabolic perturbations 


All compounds were diluted in to their respective 
final concentration using Complete Medium, ex- 
cept for EGF, which was diluted in DMEM only. 
Cells were incubated for 3 hours with one of the 
following compounds: Nocodazole (NOC) 500 ng/ 
ml, Latrunculin A (LATA) 0.2 mM, Bafilomycin Al 
(BAF) 100 mM, Brefeldin A (BRF) 2.5 mg/ml, 
Wormannin (WRT) 1mM, Rapamycin (RPA) 
0.5mM. Metabolic perturbations were performed 
as following. Overnight growth factor starvation 
in Opti-Mem (GFS), GFS followed by 3 hours of 
EGF stimulation with 100 ng/ml of EGF (S + 
EGF), and 3 hours EGF stimulation with 100 ng/ 
ml of EGF (EGF). 


Microscopy 


An automated spinning disk microscope from 
Yokogawa (CellVoyager 7000) with an enhanced 
CSU-W1 spinning disk (Microlens-enhanced dual 
Nipkow disk confocal scanner, wide view type) 
was used in combination with a 40x Olympus 
objective of 0.95 NA, and Neo sCMOS cameras 
(Andor, 2,560 x 2,160 pixels) to acquire micros- 
copy images. 18 z-planes with a 500 nm z-spacing 
were acquired per site and a maximum inten- 
sity projection was computed and used for sub- 
sequent image analysis. UV (406 nm), green 
(488 nm) and red (568 nm) signals were acquired 
sequentially. 


Iterative Indirect Immunofluorescence 
Imaging (4i) 

Sample preparation was performed as following. 
Cells were fixed in 4% Paraformaldehyde (Elec- 
tron Microscopy Sciences) for 30min. Cells were 
then permeabilized with 0.5% Triton X-100 for 
15 min. Cells were washed 6 times with PBS both 
before and after permeabilization. Fixation and 
permeabilization were performed at room tem- 
perature. Each of the subsequent steps was per- 
formed in sequence of their mentioning and in 
every cycle of 41. If not stated differently, all steps 
were performed at room temperature. (1) Anti- 
body Elution. Sample was washed 6 times with 
ddH,0. Residual ddH,O was aspirated to mini- 
mal volume. Subsequent actions are repeated 
3 times: EB was added to sample and shaken at 
100 rpm for 10 min. Then EB was aspirated to 
minimal volume possible. (2) Blocking. sBS was 
added to sample and shaken at 100 revolutions 
per minutes (rpm) for 1 hour. After 1h sample 
was washed 6 times with PBS. (3) Indirect immu- 
nofluorescence, primary antibody stain. Primary 
antibody solution was added to sample and 
shaken at 100 rpm for 2 hours. After 2 hours, 
the sample was washed 6 times with PBS. (4) 
Indirect immunofluorescence, secondary anti- 
body stain. Secondary antibody solution was ad- 
ded to sample and shaken at 100 rpm for 2 hours. 
After 2 hours, the sample was washed 6 times 
with PBS. (5) Nuclear staining. DSS was added to 
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sample and shaken at 100 rpm for 10 min. After 
10min sample was washed 6 times with ddH,O. 
Residual ddH,O was aspirated to minimal vol- 
ume. (6) Imaging. IB was added to sample and 
sample was imaged. Perform step 1 to 6 until re- 
quired plexity is achieved. All liquid dispensing 
and washing steps of the 4i protocol were per- 
formed using a Washer Dispenser EL406 (BioTek). 
Primary and secondary antibodies were dispensed 
using a Bravo liquid handling platform from 
Agilent Technologies. 


Computation of single-cell pixel correlations 


Pixel correlations were calculated between two 
4i signals. If the signals were not recorded during 
the same acquisition, image alignment was per- 
formed prior to the correlation measurement. 
First, the same background value was subtrac- 
ted from both images. Next, single pixel inten- 
sities of the two different 4i signals originating 
from the same cell were correlated in the seg- 
mented areas (Cell, Cytoplasm, Nucleus). This 
was done for every cell individually. Pixel cor- 
relations were calculated either with unsmoothed 
images or on images smoothed by either a 2x2, 
3x3, 5x5, 7x7, or 10x10 pixel mean filter. Pixel 
correlations in Fig. 1F and fig. SIF were cal- 
culated as following. Pixel intensities of the first 
CTNNBI staining (cycle 1) were correlated with 
each other CTNNB1 stain (odd cycles) up to the 
21* cycle. Pixel intensities of the first TUBAIA 
staining (cycle 2) were correlated with each other 
TUBAIA stain (even cycles) up to the 20th cycle 
(green box plots). Pixel intensity correlations 
between CTNNBI1 and TUBAIA were calculated 
between the first CTNNBI stain (cycle 1) and 
each TUBAIA staining (cycle 2, 4, 6, 8, 10, 12, 
14, 16, 18, 20). The calculated correlations over 
all cycles for each stain were aggregated in 
one box plot each and calculated after the cor- 
responding images were smoothed by a mean 
filter of increasing size (none, 2x2, 3x3, 5x5, 7x7, 
and 10x10 pixel) pixels correlations of all cycles. 
Custom CP modules used for the calculation of 
single-cell pixel correlations between 4i signals 
(MeasureCorrelationInTrans, LoadImagesInTrans, 
LoadSegmentationInTrans, AlignTransImages). 


Image alignment of acquisition from 
different 4i cycles 


Microscopy images of different cycles from the 
same site require image alignment, as slight 
shifts in X and Y occur in between acquisitions 
due to imperfect stage repositioning. Image reg- 
istration based on Fast Fourier Transform (48) 
was performed on DAPI images of two cycles. 
488nm and 568nm acquisition, and segmenta- 
tions masks were shifted by the calculated offset, 
resulting in aligned microscopy sites. Image align- 
ment, and image and segmentation mask shift- 
ing were performed using custom CellProfiler. 


Image analysis and feature extraction 


CellProfiler 1 (49) (CP) was used to perform 
image analysis and feature extraction using both 
custom and standard CP modules on the image 
analysis platform IBRAIN (50). Every image was 


corrected for illumination biases prior to image 
analysis. Nuclei were segmented with the CP Mod- 
ule IdentifyPrimarylterative using images of DAPI 
signal. Cellular segmentations were achieved by 
combining signals of GSK3B (cycle 08), CTNNB1 
(cycle 15) and YAP (cycle 19) in a ratio of 2:1:2 
for the same site. Subsequently the resulting im- 
ages were analyzed by a watershed algorithm 
with varying thresholds to detect cell outlines 
(IdentifySecondarylterative). Single-cell features 
of signal intensity and texture, and area shape 
of objects were then extracted for nuclei, cyto- 
plasm and cells using standard CP modules 
(MeasureObjectIntensity, MeasureTexture, and 
MeasureObjectAreaShape). 


Data normalization 


Cell and pixel data was correct for inhomoge- 
neities in signal intensity due to plate position 
and experimental handling as following: Mean 
and standard deviation of pixel intensities for 
each 41 marker of 2000 randomly selected un- 
perturbed cells originating from four plate rows 
(see fig. S2A) were calculated per individual row. 
Subsequently, every 41 pixel value was z-scored 
using the mean and standard deviation corre- 
sponding to the pixel’s origin from the plate. Cell 
measurements were normalized as follows: In a 
first step, measured intensities of unperturbed 
and DMSO treated cells were combined. Next, 
mean and standard deviation of each 4i marker 
stain intensity was calculated per row (see fig. 
S2A, each row contains 2 wells of unperturbed 
cells and 2 wells of DMSO treated cells). Intensity 
values for all wells in a row were then z-scored 
using the corresponding mean and standard de- 
viation. In a second step, mean and standard de- 
viation for each condition were calculated. Next, 
every well was z-scored independently and data 
from each well was z-scored independently, then 
z-scored values of each wells were multiplied 
with the condition specific standard deviation 
and the condition specific mean was added (in- 
verse operation of z-scoring). In a third step, the 
newly normalized intensity values were z-scored 
with the mean and standard deviation mea- 
sured in cells from the control condition (DMSO 
treated cells). 


Cell cycle phase classification: Gy, S, Go, 
and M phase 


Cells were classified into their respective cell cycle 
phase using Support Vector Machine (SVM) Clas- 
sification, k-means clustering. First, a classifier 
was trained to identify M phase cells based on 
intensity and texture features of nuclear DAPI, 
as well as features of nuclear area. Then a clas- 
sifier was trained to identify S phase cells based 
on intensity and texture features of nuclear PCNA 
staining (cycle 16). CellClassifier (57) was used to 
train both SVM classifiers. Cells classified as M 
and S phase cells were then excluded from the 
nuclear DAPI distribution, which was derived 
from calculating the mean of nuclear DAPI inte- 
grated intensity of single cells from cycle 2 to 8. 
The resulting histogram consisted of two sepa- 
rated Gaussians representing G1 and G2 cells. 
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K-means clustering with 2 groups was used to 
assign single cells into either one of the groups 
(G1 or G2 cells), where G1 was defined as the 
group with its median nuclear DAPI total inten- 
sity half the value of G2. 


4i readout SOM clustering 


Mean cell intensities measured for 40 41 markers 
in cells originating form 10 different conditions 
(see fig. S2A, DMSO control, GFS, S + EGF, EGF, 
NOC, LATA, BAF, BRF, WRT, RPA) were used for 
the analysis. Clustering of the high-dimensional 
dataset (~165000 cells * 40 4i intensities) was 
performed by FlowSOM (52), an R implementa- 
tion of Self-Organizing Maps, using 400 nodes 
and Euclidean distance as distance metric. 


Cellular state SOM 


Cellular state SOM was generated by FlowSOM 
using 37 cellular state features of 154714 cells 
from 9 perturbation condition and control con- 
dition. The used features describe DNA content, 
cell cycle position (cell cycle markers such as 
PCNA, CCNE, CCNB1), Cellular, cytoplasmic and 
nuclear size and shape, as well as a cells distance 
from the population edge, its cell crowding and 
whether it is located at the edge of a popula- 
tion. Features were z-scored using the mean and 
the standard deviation measured in control cells 
prior to clustering using FlowSOM. Cell data was 
clustered using 400 nodes, Euclidean as distance 
matric and 20 runs. 


Partial correlation analysis 


Partial correlations between cell mean intensi- 
ties of 38 4i stainings were calculated as follow- 
ing. 40% of cells assigned to each node of the 
cellular state SOM were selected randomly. Sub- 
sequently, the mean of the 38 4i stainings was 
calculated for each SOM node. Partial correlation 
analysis (Matlab function partialcorr) was then 
performed with the resulting 400 means (one 
per node) and stored. Random subsampling of 
400 cells and subsequent partial correlation an- 
alysis was performed 1600 times. The mean par- 
tial correlation between each node was calculated 
by calculating the mean of the 1600 bootstrapped 
partial correlations. 


Generation of multiplexed cell units 


The aim of this analysis is to generate Multi- 
plexed Cell Units (MCUs) from multiplexed pixel 
profiles (MPP). An MPP corresponds to a one- 
dimensional vector which contains the intensity 
value for every 4i staining measured at a 2D pixel 
position. In step 1, images of the same cells but 
from different 4i cycles were computationally 
aligned (see above, table S2, 1. Image acquisition 
and analysis). In step 2, MPP are generated for 
each 2D pixel position within a cell’s segmenta- 
tion. All MPPs are then concatenated into a large 
matrix of m * n, where m represents MPPs and n 
represents the 4i intensities measured. Step 2 was 
repeated for each cell included in the analysis, 
MPP profiles of each cell are concatinated along 
the m dimension to create a MPP Matrix. Thus, 
MPP Matrix 2D matrix contains all MPPs of all 
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2D positions within the cell segmentations of all 
cells included in the analysis. Each row represents 
a pixel, each column a 4i stain (table S2, 2. 
Generation of Multiplexed Pixel Profile Matrix). 
Step 3, background subtraction was performed 
on the intensity values in the MPP Matrix (cam- 
era chip background values is 110), followed by 
an intensity. All pixel of each 4i staining were 
rescaled between 0 and 1, where 0 is background 
value and 1 is 98th intensity quantile measured 
for each 4i staining respectively. When MPP of 
different conditions were compared to control, 
rescaling was based on the 98" pixel intensity 
quantile measured from control cells. MPP ex- 
clusively containing rescaled intensity values be- 
low 0.33 were excluded from further analysis 
(table S2, 3. Process MPP Matrix). In step 4, the 
rescaled MPPs were clustered by a clustering 
algorithm called Self-Organizing Maps (SOM, R 
implementation FlowSOM), using Euclidean dis- 
tance as a distance metric., and 20 runs (table S2, 4. 
First clustering step, SOM nodes). SOMs are al- 
ready widely used in the analysis of multiplexed 
data derived from Flow cytometry and Mass cyto- 
metry. The 2 variables are the product of SOM 
clustering. One is a matrix which contains SOM 
node positions. Each row of the matrix repre- 
sents a SOM node and each column its positions 
in multivariate 4i intensity space. SOM nodes 
represent groups of MPP with similar 4i intensity 
profiles. The other is a vector which contains 
SOM node assignments of every MPP. Each row 
of the vector represents one MPP and its assign- 
ment to the SOM node closest it in multidimen- 
sional space. Step 5, The median multiplexed 
intensities of cells assigned to each SOM nodes 
were further clustered by Phenograph. Neigh- 
borhood value for clustering was selected as 
the inflection point of the function of cluster 
number at a given neighborhood value (e.g., 
fig. S4B) and ‘jaccard’ as graph type. The result- 
ing clusters from the Phenograph analysis were 
called Multiplexed Cell Units (MCUs) (table S2, 5. 
Second clustering, MCU identification). This two- 
step clustering approach obtains the assignment 
of every pixel in a cell in to an MCU. They rep- 
resent areas in cells comprising pixels with com- 
mon profiles of multiplexed 4i marker intensities. 
For Fig. 3, 300 unperturbed cells were selected 
randomly and analyzed using the aforementioned 
clustering approach and their MPP were clustered 
by FlowSOM with 2500 nodes. For Figs. 5 and 6, 
200 cells from each of the ten different conditions 
(DMSO, GFS + S, GFS, Stimulation, Nocodazole, 
Latrunculin, Bafilomycin, Brefeldin, Wortmannin, 
Rapamycin) were randomly selected. Their MPP 
were combined and clustered with FlowSOM 
using 3600 nodes. 


Calculation of MCU size and spatial 
proximity score 


MCU sizes per cell were calculated by dividing 
the number pixels assigned to each MCU per 
cell by the total number of pixels assigned to 
any MCU in the cell. Spatial Proximity Score 
(SPS) was calculated for each cell individually 
and for each MCU sequentially. (1) MCU of in- 


terest (see Section Generation of Multiplexed 
Cell Units) was projected back on to the cell 
segmentation (e.g.. MCUo, consisting of 2 ad- 
jacent pixels). (2) Then, 8-connectivity morpho- 
logical expansion was performed on MCU (e.g., 
MCua is expanded by one pixel in all directions, 
MCuUa consists now of 10 pixels, 2 original and 
8 new pixels). (3) Pixels, newly occupied by the 
expanded MCU were analyzed for their origi- 
nal MCU assignment and their occurrence was 
divided by the number of newly occupied pixels 
(e.g. 2 out of newly occupied pixels belong to 
MCUB (0.25), 4 to MCUy (0.5), 2 to MCU6S (0.25), 
0 to MCUé (0)). (4) In order to control for MCU 
size the positions of all MCUs were randomized, 
and steps 1-6 were repeated 300 times. The mean 
of all frequencies measured in the 300 random- 
izations was calculated and subtracted from the 
observed frequencies (e.g., randomization mean 
for MCUB 0.1, thus SPS is 0.15, etc.) (Supple- 
mentary Table $2, 6. MCU proximity and size 
measurements). The resulting values represent 
the SPS for a given MCU with all others. SPS 
reach from -1 to +1, where positive SPSs reflect a 
spatial proximity between two MCUs and nega- 
tive SPSs reflect a spatial avoidance between two 
MCUs. SPS of zero show no trend in proximity 
compared to randomization control. Pixels which 
did not neighbor any other pixel, assigned to the 
same MCU, were excluded from MCU size and 
SPS analysis. 


MCU size in different microenvironments 
and cell cycle phase 


Cells were binned into 3 cell crowding bins— 
dense, intermediate and sparse—based on their 
local cell crowding value (LCC). Cells with crow- 
ing values between 85th and the 99.9th were 
classed as high LCC, cells with values between 
35th and 65" percentile were classed as inter- 
mediate LCC, and cells with crowding values 
between 0.1 and 15“ percentile were classed as 
low LCC. Cell cycle phase classification was 
performed as described above. This results in 
9 categories. Dense Gy, S dense, G» dense, inter- 
mediate G,, etc. MCU sizes per individual cell 
cycle phase were then computed by calculating 
the mean over the three corresponding density 
categories (e.g., MCU size for G, is the mean of 
dense G,, intermediate G,, and dense G,). Sim- 
ilarly, MCU sizes for individual crowding bins 
were computed by calculating the mean over the 
three corresponding cell cycle categories (e.g., 
MCU size of Dense is the mean of dense G, 
dense S, and dense G.). 


MCU analysis and MPM construction for 
pharmacological perturbations 


MCUs and SIS were computed as described 
above for 200 cells randomly drawn from each 
perturbation and 200 randomly drawn from the 
DMSO control. Resulting MCU size distributions 
for all 2000 cells (200 cells x 10 conditions) were 
transformed by inverse hyperbolic sine opera- 
tion and z-scored with the mean and the stan- 
dard deviation measured for each MCU size 
distribution in control cells (see fig. S7B, middle 
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panel). SPS from all 2000 cells were combined to 
calculate one shared Multiplexed Protein Map 
(MPM, see Fig. 5 and figs. S7 and S8). Spatial 
distribution of the 69 MCU nodes in 2D space 
was calculated by t-SNE based on SPS of MCUs 
of all 2000 cells. 


Identification of heterogeneous cell 
responses to EGF stimulation and selection 
of their most specific MCUs 


First, each of the 69 MCU size distributions of 
the EGF stimulated cells (200 cells) was z-scored 
using the mean and standard deviation of the 
respective MCU size distribution observed in 
control cells (200 cells). Next, MCU size distribu- 
tions of EGF stimulated cells were tested for 
significant differences to MCU size distribu- 
tions derived from control cells by Two-sample 
Kolmogorov-Smirnov test (kstest2 function in 
MatLab) at a 1% significance level. The z-scored 
values of MCU size distributions which were 
identified to be significantly different to those 
observed in control cells (sdMCUs) were further 
used for identification of heterogenous cell re- 
sponses by clustering. Next correlation coeffi- 
cients based on the sdMCUs were calculated 
for the EGF stimulated cells. The resulting matrix 
was then clustered using hierarchical clustering 
(clustergram function in MatLab, default input 
values), revealing distinct subpopulations of cells. 
Next, the EGF stimulated cells were clustered 
based on their sdMCU sizes by Phenograph using 
10 as number of neighbors input (inflection point 
of function cluster number at any given neigh- 
borhood value) and ‘jaccard’ as graph type. The 
resulting clusters were called Subpopulations 
(SP) and represent phenotypes of MCU size con- 
figurations observed in HeLa cells as response 
to EGF stimulation. The mean of each sdMCU 
was calculated per SP and was called rpMCU. To 
identify MCUs which were most specific to in- 
dividual SB cells were randomly assigned to 
clusters of the same size as those identified 
by Phonograph when SB were identified. Sub- 
sequently mean size for each sdMCU was cal- 
culated for the randomly generated clusters. 
Random clustering and calculation of mean 
sdMCU sizes was performed 5000 times, result- 
ing in distributions of sizes for each sdaMCU 
derived from random cell clustering (rsdMCU). 
Both, mean and standard deviation were calcu- 
lated for each rsdMCUs and used to z-score 
rpMCU values, resulting in a value called nor- 
malized response phenotype MCU (nrpMCU). 
nrpMCU with a size greater than 2.5 were classed 
as specific for a SP. 


Single-cell clustering by MCU sizes and 
cell mean intensities 


MCU size based single-cell clustering was com- 
pared to single-cell clustering based on mean cell 
intensities by their capability to identify subpop- 
ulations in 200 cells randomly drawn from 200 
cells from 9 conditions. First, MCU selected for 
single cell clustering were selected as stated in 
“Identification of heterogeneous cell responses 
to EGF stimulation and selection of their most 
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specific MCUs” (see above). Next, 4i stainings 
characteristic for MCUs used for clustering were 
selected for cell-intensity-based clustering as fol- 
lows. 4i stainings with z-scored intensity in the 
MCU loadings (fig. S6 B) bigger or smaller than 
+/-2.375 STD were selected. Next, single-cell clus- 
tering based on MCU sizes and cell intensities 
was performed as follows. Coefficients of corre- 
lation between cells were measured based on 
their profiles of mean cell intensities or MCU 
sizes. Next, Pair-wise dissimilarity matrix was 
calculated for the resulting coefficients of cor- 
relation using Euclidean distance and Hierarchi- 
cally clustering was performed using “average” 
linkage (MatLab function clustergram) (fig. S8D). 
Information content of MCU size and cell 
intensity-based dissimilarity matrix was quanti- 
fied by calculating entropy of the matrices. 


EGFR and p-EGFR signal flux analysis 


Signal intensity (pixel values) of both EGFR and 
p-EGFR within each MCU of a cell was summed 
up and normalized by the total signal intensity 
measured in all MCUs present in a cell. This was 
repeated for every cell (200 cells). Then, the rela- 
tive fraction of EGFR and p-EGFR signal present 
in every MCU was computed by calculating the 
mean of normalized signal intensities measured 
in each cell. To control for unspecific signal ac- 
cumulation in MCUs due to their different sizes, 
assignment of pixels to MCU was randomized 
and the fraction of EGFR and p-EGFR to ran- 
domized MCUs was measured. This step was 
repeated 200 times per cell. Randomization re- 
sults were aggregated by calculating the mean 
over all randomizations. Mean values were then 
subtracted from originally observed EGFR and 
p-EGFR values per cell, prior to calculating the 
mean over all cells. 


Antibody elutability and dynamic range 
preservation over 20 4i cycles 


To test sample stability, elution of primary and 
secondary antibody from the sample, and po- 
tential back ground signal increase from non- 
specific binding of secondary antibody over 20 41 
cycles the following experiment was performed. 
(1) The sample was first treated with EB (1x Elut.), 
(2) then stained only with secondary antibody to 
record the fluorescence background level (SecAb 
only). (3) Subsequently the sample was treated 
with EB (2x Elut.) and then (4) incubated with 
both primary and secondary antibodies in test 
wells and only with secondary antibodies in con- 
trol wells (IF). (5) Primary and secondary anti- 
bodies were eluted from the sample (3x Elut.) 
and (6) the sample was incubated with sec- 
ondary antibodies only (SecAb only) in both 
test and control wells. Next, (7) 5 cycles of 4i 
were performed with the sample without anti- 
body staining and image acquisition, (8) fol- 
lowed by another round of IF (8x Elut.). (9) 
Primary and secondary antibodies were eluted 
from the sample (9x Elute) and (10) the sample 
was incubated with secondary antibodies only 
(SecAb only). Steps 7 to 10 were repeated twice 
(15x Elut., 21x Elut.). 


Quality control of multiplexed data set 
Data clean-up was performed for each multi- 
plexing cycle independently and consisted of a 
set of SVM classifiers using CellClassifier (57), 
as well as automated discretion of any cell touch- 
ing the image border. SVM Classifiers were 
trained to identify cells with immunofluorescence 
artifacts, and missegmented cells and/or nuclei. 
Such cells were earmarked. Only cells, which were 
not earmarked by SVM classifiers over the whole 
set of multiplexing cycles were used for sub- 
sequent cell and pixel analysis. 
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A major unresolved question in microbiome research is whether the complex taxonomic 
architectures observed in surveys of natural communities can be explained and predicted 
by fundamental, quantitative principles. Bridging theory and experiment is hampered 

by the multiplicity of ecological processes that simultaneously affect community assembly 
in natural ecosystems. We addressed this challenge by monitoring the assembly of 
hundreds of soil- and plant-derived microbiomes in well-controlled minimal synthetic 
media. Both the community-level function and the coarse-grained taxonomy of the 
resulting communities are highly predictable and governed by nutrient availability, despite 
substantial species variability. By generalizing classical ecological models to include 
widespread nonspecific cross-feeding, we show that these features are all emergent 
properties of the assembly of large microbial communities, explaining their ubiquity in 


natural microbiomes. 


icrobial communities play critical roles 

in a wide range of natural processes, from 

animal development and host health to 

biogeochemical cycles (1-3). Recent ad- 

vances in DNA sequencing have allowed 
us to map the composition of these communities 
with high resolution. This has motivated a surge 
of interest in understanding the ecological mech- 
anisms that govern microbial community as- 
sembly and function (4). A quantitative, predictive 
understanding of microbiome ecology is required 
to design effective strategies to rationally manip- 
ulate microbial communities toward beneficial 
states. 

Surveys of microbiome composition across a 
wide range of ecological settings, from the ocean 
to the human body (2, 3), have revealed intriguing 
empirical patterns in microbiome organization. 
These widely observed properties include high 
microbial diversity, the coexistence of multiple 
closely related species within the same functional 
group, functional stability despite large species 
turnover, and different degrees of determinism 
in the association between nutrient availability 
and taxonomic composition at different phylo- 
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genetic levels (3, 5-10). These observations have 
led to the proposal that common organizational 
principles exist in microbial community assembly 
(6, 7). However, the lack of a theory of microbiome 
assembly is hindering progress toward explaining 
and interpreting these empirical findings, and 
it remains unknown which of the functional 
and structural features exhibited by microbiomes 
reflect specific local adaptations at the host or 
microbiome level (J0) and which are generic 
properties of complex, self-assembled micro- 
bial communities. 

Efforts to connect theory and experiments to 
understand microbiome assembly have typically 
relied on manipulative bottom-up experiments 
with a few species (17-73). Although this approach 
is useful for providing insights into specific mech- 
anisms of interactions, it is unclear to what extent 
findings from these studies scale up to predict the 
generic properties of large microbial communities 
or the interactions therein. Of note is the ongoing 
debate about the relative contributions of com- 
petition and facilitation (14, 15) and the poorly 
understood role that high-order interactions play 
in microbial community assembly (11, 16, 17). To 
move beyond empirical observations and con- 
nect statistical patterns of microbiome assembly 
with ecological theory, we need to study the as- 
sembly of large numbers of large multispecies 
microbiomes under highly controlled and well- 
understood conditions that allow proper com- 
parison between theory and experiment. 


Assembly of large microbial 
communities on a single 
limiting resource 


To meet this challenge, we followed a high- 
throughput ex situ cultivation protocol to mon- 
itor the spontaneous assembly of ecologically 
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stable microbial communities derived from nat- 
ural habitats in well-controlled environments; 
we used synthetic (M9) minimal media con- 
taining a single externally supplied source of 
carbon, as well as sources of all of the necessary 
salts and chemical elements required for micro- 
bial life (Fig. 1A). Intact microbiota suspensions 
were extracted from diverse natural ecosystems, 
such as various soils and plant leaf surfaces 
(methods). Suspensions of microbiota from these 
environments were highly diverse and taxonomi- 
cally rich (fig. S1), ranging between 110 and 1290 
exact sequence variants (ESVs). We first inocu- 
lated 12 of these suspensions of microbiota into 
fresh minimal media with glucose as the only 
added carbon source and allowed the cultures to 
grow at 30°C in static broth. We then passaged 
the mixed cultures in fresh media every 48 hours 
with a fixed dilution factor of D = 8 x 10° for a 
total of 12 transfers (~84 generations). At the end 
of each growth cycle, we used 16S ribosomal 
RNA (rRNA) amplicon sequencing to assay the 
community composition (Fig. [A and methods). 
High-resolution sequence denoising allowed us 
to identify ESVs, which revealed community struc- 
ture at single-nucleotide resolution (8). 

Most communities stabilized after ~60 genera- 
tions, reaching stable population equilibria in 
nearly all cases (Fig. 1B and fig. S2). For all of 
the 12 initial ecosystems, we observed large mul- 
tispecies communities after stabilization that 
ranged from 4 to 17 ESVs at a sequencing depth 
of 10,000 reads; further analysis indicated that 
this is a conservative estimate of the total rich- 
ness in our communities (figs. $3 and S4 and 
methods). We confirmed the taxonomic assign- 
ments generated from amplicon sequencing by 
culture-dependent methods, including the iso- 
lation and phenotypic characterization of all 
dominant genera within a representative com- 
munity (fig. $5). 


Convergence of bacterial 
community structure at the 
family taxonomic level 


High-throughput isolation and stabilization of 
microbial consortia allowed us to explore the 
rules governing the assembly of bacterial com- 
munities in well-controlled synthetic environ- 
ments. At the species (ESV) level of taxonomic 
resolution, the 12 natural communities assembled 
into highly variable compositions (Fig. 1C). How- 
ever, when we grouped ESVs by higher taxonomic 
ranks, we found that all 12 stabilized communities— 
with very diverse environmental origins—converged 
into similar family-level community structures 
dominated by Enterobacteriaceae and Pseudo- 
monadaceae (Fig. 1D). In other words, a similar 
family-level composition arose in all commun- 
ities despite their very different starting points. 
This is further illustrated in fig. S6, where we 
show that the temporal variability (quantified 
by the B diversity) in family-level composition 
is comparable to the variability across inde- 
pendent replicates. The same is not true when 
we compare taxonomic structure at the subfamily 
(genus) level. 
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To better understand the origin of the tax- 
onomic variability observed below the family 
level, we started eight replicate communities from 
each of the 12 starting microbiome suspensions 
(inocula) and propagated them in minimal me- 
dia with glucose, as in the previous experiment. 
Given that the replicate communities were as- 
sembled in identical habitats and were inoculated 
from the same pool of species, any observed 
variability in community composition across rep- 
licates would suggest that random colonization 
from the regional pool and microbe-microbe in- 
teractions are sufficient to generate alternative 
species-level community assembly. 

For most of the inocula (9 out of 12), replicate 
communities assembled into alternative stable 
ESV-level compositions, while still converging 
to the same family-level attractor described in 
Fig. 1E (see also fig. S6). One representative 
example is shown in Fig. 1, F and G; all eight 
replicates from the same starting inoculum 
assembled into strongly similar family-level 
structures, which were quantitatively consistent 
with those found before (Fig. 1D). However, 
different replicates contained alternative Pseudo- 
monadaceae ESVs, and the Enterobacteriaceae 


Fig. 1. Top-down assembly A 
of bacterial consortia. 
(A) Experimental scheme: 
Large ensembles of 

taxa were obtained from 
12 leaf and soil samples 
and used as inocula in 
serial dilution cultures 
containing synthetic 
media supplemented 

with glucose as the sole 
carbon source. After each 
transfer, 16S rRNA 
amplicon sequencing was 


used to assay bacterial uv 
community structure. M2 media 
+glucose 


structure of a representative 
community (from 

inoculum 2) after 

every dilution cycle 

(about seven generations) 

reveals a five-member B 
consortium from the 
Enterobacter, Raoultella, 
Citrobacter, Pseudomonas, 
and Stenotrophomonas 
genera. The community 
composition of all 

12 starting inocula after 
84 generations is shown 
at (C) the exact sequence 
variant (ESV) level or 

(D) the family taxonomic 
level, converging to 
characteristic fractions of 


relative abundance 


dilution 


(B) Analysis of the “ssl scseceetece, 


<< 
inoculum 


dilution 


fraction was constituted by either an ESV from 
the Klebsiella genus or a guild consisting of var- 
jable subcompositions of Enterobacter, Raoultella, 
and/or Citrobacter as the dominant taxa. 

For the remaining (3 out of 12) inocula, all 
replicates exhibited strongly similar population 
dynamics to each other and equilibrated to sim- 
ilar population structures at all levels of taxo- 
nomic resolution (fig. S7). The reproducibility in 
population dynamics between replicate commun- 
ities indicates that experimental error is not the 
main source of variability in community compo- 
sition. The population bottlenecks introduced 
by the serial dilutions in fresh media have only 
a modest effect on the observed variability in 
population dynamics (fig. S8). However, the 
dilution factor can influence community as- 
sembly through means other than introducing 
population bottlenecks—for instance, by set- 
ting the number of generations in between dilu- 
tions and by diluting, to a greater or lesser extent, 
the environment generated in a previous growth 
period. 

Despite the observed species-level variation 
in community structure, the existence of family- 


level attractors suggests that fundamental rules 


Cc ESV-level composition 


7 


inoculum 


replicate populations 


0 ae) 1 
relative abundance 


Family-level composition 


12 
11 
10 


i D 


replicate populations 


SHNWORUMONDO 


Oo 05 
relative abundance 


E Initial (t= 0) 


Pseudomonadaceae 


]|-NWORUADN OO 


0) 0.5 


+-NMNWHRUDN OO 


0 
0 0.25 0.5 0.75 1 0 


govern community assembly. Recent work on 
natural communities has consistently found 
that environmental filtering selects for convergent 
function across similar habitats, while allowing 
for taxonomic variability within each functional 
class (5, 6). In our assembled communities in 
glucose media, fixed proportions of Entero- 
bacteriaceae and Pseudomonadaceae may have 
emerged owing to a competitive advantage, given 
the well-known glucose uptake capabilities of the 
phosphotransferase system in Enterobacteriaceae 
and ABC (adenosine triphosphate-binding cas- 
sette) transporters in Pseudomonadaceae (19). 
This suggests that the observed family-level at- 
tractor may change if we add a different carbon 
source to our synthetic media. 

To determine the effect of the externally pro- 
vided carbon source on environmental filtering, 
we repeated the community assembly experi- 
ments with eight replicates of all 12 natural com- 
munities, this time using one of two alternative 
single carbon sources—citrate or leucine—instead 
of glucose. Consistent with previous experiments 
using glucose minimal media, communities that 
assembled on citrate or leucine contained large 
numbers of species: At a sequencing depth of 
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Enterobacteriaceae and Pseudomonadaceae. (E) Simplex representation of family-level taxonomy before (t = 0) and after (t = 84) the passaging 
experiment. (F and G) Experiments were repeated with eight replicates from a single source (inocula 2). Communities converged to very similar 
family-level distributions (G) but displayed characteristic variability at the genus and species level (F). 
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10,000 reads, communities stabilized on leu- 
cine contained 6 to 22 ESVs, and communities 
stabilized on citrate contained 4 to 22 ESVs. 
As was the case for glucose, replicate commu- 
nities assembled on citrate and leucine also 
differed widely in their ESV-level composi- 
tions, while converging to carbon source- 
specific family-level attractors (Fig. 2A and 
figs. S9 and S10). 

Family-level community similarity (Renkonen 
similarity) was, on average, higher between com- 
munities passaged on the same carbon source 
(median, 0.88) than between communities pas- 
saged from the same environmental sample 
(median, 0.77; one-tailed Kolmogorov-Smirnov 
test, P < 10°°; fig. S11). Communities stabilized 
on citrate media had a significantly lower frac- 
tion of Enterobacteriaceae (Mann-Whitney 
U test, P < 10°°) and were enriched in Flavo- 
bacteriaceae (Mann-Whitney U test, P < 10°) 
relative to communities grown on glucose; com- 
munities stabilized on leucine media had no 
growth of Enterobacteriaceae and were enriched 
in Comamonadaceae relative to communities 
grown on glucose (Mann-Whitney U test, P < 
10~°) or citrate (Mann-Whitney U test, P < 10°). 

These results suggest that the supplied source 
of carbon governs community assembly. To quan- 
tify this effect, we used a machine learning ap- 
proach and trained a support vector machine 
to predict the identity of the supplied carbon 
source from the family-level community composi- 
tion. We obtained a cross-validation accuracy 
of 97.3% (Fig. 2B and methods). Importantly, 
we found that considering the tails of the family- 
level distribution (as opposed to just the two 
dominant taxa) increased the predictive accuracy 
(Fig. 2B), which indicates that carbon source- 
mediated determinism in community assembly 
extends to the entire family-level distribution, 
including the rarer members. 

Rather than selecting for the most fit single 
species, our environments select complex com- 
munities that contain fixed fractions of multiple 
coexisting families whose identities are deter- 
mined by the carbon source in a strong and 
predictable manner (fig. S11). We hypothesized 
that taxonomic convergence might reflect selec- 
tion by functions that are conserved at the 
family level. Consistent with this idea, we find 
that the inferred community metagenomes as- 
sembled in each type of carbon source exhibit 
substantial clustering by the supplied carbon 
source (Fig. 2C) and are enriched in pathways 
for its metabolism (fig. S11). When we spread 
the stabilized communities on agarose plates, 
we routinely found multiple identifiable col- 
ony morphologies per plate, showing that mul- 
tiple taxa within each community are able to 
grow independently on (and thus compete for) 
the single supplied carbon source. This sug- 
gests that the genes and pathways that confer 
each community with the ability to metabolize 
the single supplied resource are distributed 
among multiple taxa in the community, rather 
than being present only in the best-competitor 
species. 
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Fig. 2. Family-level and metagenomic attractors are associated with different carbon 
sources. (A and B) Family-level community compositions are shown for all replicates across 


points are colored by carbon source (A) or initial 


performing 10-fold cross-validation (averaged 10 


a classification accuracy of ~97% (leftmost bar). 


tSNE), revealing that carbon sources are strong 
capacity of each community. 


Widespread metabolic facilitation 
stabilizes competition and 

promotes coexistence 

Classic consumer-resource models indicate that 
when multiple species compete for a single, 
externally supplied growth-limiting resource, 
the only possible outcome is competitive ex- 
clusion unless specific circumstances apply 
(20-25). However, this scenario does not ade- 
quately reflect the case of microbes, whose ability 
to engineer their own environments both in 
the laboratory (26-29) and in nature (30, 31) is 
well documented. Thus, we hypothesized that 
the observed coexistence of competitor spe- 
cies in our experiments may be attributed to 
the generic tendency of microbes to secrete 
metabolic by-products into the environment, 
which could then be used by other community 
members. 

To determine the plausibility of niche creation 
mediated by metabolic by-products, we analyzed 
one representative glucose community in more 
depth. We isolated members of the four most 
abundant genera in this community (Pseudomonas, 
Raoultella, Citrobacter, and Enterobacter), which 
together represented ~97% of the total popula- 
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12 inocula grown on either glucose, citrate, or leucine as the limiting carbon source. Data 


inoculum (B). (©) A support vector machine 


methods) was trained to classify the carbon source from the family-level community structure. 
Low-abundance taxa were filtered using a predefined cutoff (x axis) before training and 


times). Classification accuracy with only 


Enterobacteriaceae and Pseudomonadaceae resulted in a model with ~93% accuracy 
rightmost bar), while retaining low-abundance taxa (relative abundance cutoff of 10~*) yielded 


(D) Metagenomes were inferred using 


PICRUSt (40) and dimensionally reduced using t-distributed stochastic neighbor embedding 


y associated with the predicted functional 


tion in that community (Fig. 3A). These isolates 
had different colony morphologies and were also 
phenotypically distinct (fig. S5). All isolates were 
able to form colonies in glucose agarose plates, 
and all grew independently in glucose as the only 
carbon source, which indicates that each isolate 
could compete for the single supplied resource. 
All four species were able to stably coexist with 
one another when the community was reconsti- 
tuted from the bottom up by mixing the isolates 
together (fig. S5). To test the potential for cross- 
feeding interactions in this community, we grew 
monocultures of the four isolates for 48 hours in 
synthetic M9 media containing glucose as the 
only carbon source (Fig. 3B). At the end of the 
growth period, the glucose concentration was 
too low to be detected, indicating that all of the 
supplied carbon had been consumed and that 
any carbon present in the media originated from 
metabolic by-products previously secreted by 
the cells. To test whether these secretions were 
enough to support growth of the other species 
in that community, we filtered the leftover media 
to remove cells and added it to fresh M9 media 
as the only source of carbon (Fig. 3B). We found 
that all isolates were able to grow on every other 
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isolate’s secretions (e.g., Fig. 3C), forming a fully 
connected facilitation network (Fig. 3D). Growth 
on the secretions of other community members 
was strong, often including multiple diauxic shifts 
(fig. S12), and the amount of growth on secretions 
was comparable to that on glucose (fig. S13), 
suggesting that the pool of secreted by-products 
is diverse and abundant in this representative 
community. 
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To find out whether growth on metabolic 
by-products is common among our communities, 
we thawed 95 glucose-stabilized communities 
(seven or eight replicates from each of 12 initial 
environmental habitats) and grew them again 
on glucose as the only carbon source for an 
extra 48-hour cycle. In all 95 communities, 
glucose was completely exhausted after 24 hours 
of growth (Fig. 3E), yet most communities con- 
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Fig. 3. Nonspecific metabolic facilitation may stabilize competition for the supplied 
resource. (A) Representatives of the four most abundant genera in a representative 
community (percentages shown in the pie chart) were isolated on M9 minimal glucose 
medium. (B) Experimental setup: Isolates were independently grown in 1X M9 media 
supplemented with 0.2% glucose for 48 hours, after which cells were filtered out from the 
suspension. The filtrate was mixed 1:1 with 2X M9 media in the absence of any other carbon 
sources and used as the growth media for all other isolates (methods). (C) Three replicate 
growth curves of the Citrobacter isolate on either M9-glucose media (gray) or the M9-filtrate 
media from Enterobacter monoculture (black). Maximum growth rate (r) and carrying capacity 
(K) were obtained by fitting to a logistic growth model. (D) All isolates were grown on every 
other isolate’s metabolic by-products, and logistic models were used to fit growth curves. We 
plotted the fitted growth parameters (carrying capacity) as edges on a directed graph. Edge 
width and color encode the carrying capacity of the target node isolate when grown using 
the secreted by-products from the source node isolate. Edges from the top node encode the 
carrying capacity on 0.2% glucose. (E and F) Growth curves of 95 stabilized communities in 


M9 glucose media (gray lines) were obtained by measuring the optical density at 620 nm (OD620) 
at different incubation times. Open circles represent the mean OD620 over all communities at 
different time points, joined by a dashed line as a guide to the eye. Communities grew on average 
an additional 25% after glucose had been entirely depleted (~24 hours). 
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tinued growing after the glucose had been de- 
pleted (Fig. 3E). Moreover, community growth 
on the secreted by-products was strong: On 
average, communities produced ~25% as much 
biomass on the secretions alone as they did over 
the first 24 hours when glucose was present 
(Fig. 3F). Propidium iodide staining and phase- 
contrast imaging of communities at the single- 
cell level identified low numbers of permeabilized 
or obviously lysed cells (fig. S14). This supports 
the hypothesis that metabolic by-product secre- 
tion (rather than cell lysis) is the dominant 
source of the observed cross-feeding. However, 
lytic events that leave no trace in the form of 
empty bacterial cell envelopes would not have 
been detected in our micrographs, so a con- 
tribution from cell death to our results can- 
not be entirely ruled out. Other mechanisms 
may also operate together with facilitation in 
specific communities to support high levels 
of biodiversity (16, 24, 32-34). In experiments 
where the cultures were well mixed by vigorous 
shaking, we also found communities contain- 
ing multiple taxa, indicating that spatial struc- 
ture is not required for coexistence (fig. S15). 
In addition, we did not observe effects from 
temporal competitive niches in our experiments 
(fig. S16). 

Recent work has suggested that alteration of 
the pH by bacterial metabolism may also have 
important growth-limiting effects (35, 36) and 
can be a driver of microbial community assembly. 
Our results suggest that although individual iso- 
lates can substantially acidify their environment 
when grown in glucose as monocultures (e.g., 
the pH drops to 4.85 in Citrobacter monocultures 
and to 5.55 in Enterobacter monocultures after 
48 hours), our stabilized communities exhibit 
only modest changes in pH as they grow in 
glucose minimal media, dropping by less than 
1 unit in most communities and stabilizing to 
pH 6.5 in all cases after 48 hours of growth (fig. 
$17). In other carbon sources, such as leucine, 
the pH is even more stable than in glucose (fig. 
$17). Altogether, our results suggest that acid- 
ification by fermentation may be “buffered” by 
the community relative to the effect observed 
in monocultures. Although beyond the scope of 
this work, efforts to elucidate the roles of other 
mechanisms that may stabilize competition, 
such as phage predation (23) or nontransitive 
competition networks (J6), will more fully char- 
acterize the landscape of interactions in these 
microcosms. 


A generic consumer-resource model 
recapitulates experimental observations 


Our experiments indicate that competition for 
a single limiting nutrient may be stabilized by 
nonspecific metabolic facilitation, leading to co- 
existence. To test whether this feature alone 
promotes coexistence, we simulated a community 
assembly process on a single supplied carbon 
source, using a version of the classic MacArthur 
consumer-resource model (37), which was mod- 
ified to include nonspecific cross-feeding inter- 
actions. Cross-feeding was modeled through a 
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Fig. 4. A simple extension of classic ecological models recapitulates 
experimental observations. MacArthur's consumer-resource model 
was extended to include 10 by-product secretions along with 
consumption of a single primary limiting nutrient (Supplementary 
materials), controlled by secretion coefficient Dg,, which encodes the 
proportion of the consumed resource a that is transformed to resource 
B and secreted back into the environment. Consumer coefficients 

were sampled from four distributions, representing four “families” of 
similar consumption vectors (fig. S19 and supplementary text). 

(A) Simulations using randomly sampled secretion and uptake rates 
resulted in coexistence of multiple competitors, whereas setting secretion 
rates to zero eliminated coexistence (inset). a.u., arbitrary units. 

(B and C) Random ecosystems often converged to similar “family”-level 


stoichiometric matrix that encodes the propor- 
tion of a consumed resource that is secreted back 
into the environment as a metabolic by-product 
(supplementary materials). Setting this matrix to 
zero results in no by-products being secreted 
and recovers the classic results for the consumer- 
resource model in a minimal environment with 
one resource: The species with the highest 
consumption rate of the limiting nutrient com- 
petitively excludes all others (Fig. 4A, inset). How- 
ever, when we drew the stoichiometric matrix 
from a uniform distribution (while ensuring 
energy conservation) and initialized simula- 
tions with hundreds of “species” (each defined 
by randomly generated rates of uptake of each 
resource), coexistence was routinely observed 
(Fig. 4A). All of the coexisting “species” in this 
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simulation were generalists, capable of growing 
independently on the single supplied resource 
and on each other species’s secretions. 

Our experiments showed that the family-level 
community composition is strongly influenced 
by the nature of the limiting nutrient, which 
may be attributed to the metabolic capabilities 
associated with each family. We modeled this 
scenario by developing a procedure that sampled 
consumer coefficients from four metabolic “fam- 
ilies,” ensuring that consumers from the same 
family were metabolically similar (supplementary 
materials and fig. $18). We randomly sampled a 
set of 100 consumer vectors (or “species”) from 
four families, then simulated growth for 20 ran- 
dom subsets of 50 species on one of three re- 
sources. As in our experimental data (Fig. 2A), 
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<1% 


38% 36% 


metabolic byproducts 


structures (C), despite variation in the “species”-level structure 
(B). The “family”-level attractor changed when a different resource 
was provided to the same community (lower plots). (D) The 

total resource uptake capacity of the community was computed 
(supplementary materials) and is, like the family-level structure, 
highly associated with the supplied resource. (E) Communities that 
formed did not simply consist of single representatives from each 
family, but often of guilds of several species within each family, 
similar to what we observed experimentally. (F) The topology of the 
flux distribution shows that surviving species all compete for the 
primary nutrient, and competition is stabilized by differential 
consumption of secreted by-products. The darkness of the arrows 
encodes the magnitude of flux. 


simulated communities converged to similar 
family-level structures (Fig. 4C), despite display- 
ing variation at the species level (Fig. 4B). We 
confirmed the correspondence between family- 
level convergence and functional convergence by 
computing the community-wide metabolic ca- 
pacity per simulation, resulting in a predicted 
community-wide resource uptake rate for each 
resource (supplementary materials). Commun- 
ities grown on the same resource converged 
to similar uptake capacities with an enhanced 
ability to consume the limiting nutrient (Fig. 
4D). Importantly, this functional convergence 
was exhibited even when consumers were drawn 
from uniform distributions, with no enforced 
family-level consumer structure, suggesting that 
the emergence of functional structure at the 
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community level is a universal feature of consumer- 
resource models (fig. S19). 

We frequently observed that several spe- 
cies belonging to the same metabolic family 
could coexist at equilibrium. These “guilds” of 
coexisting consumers from the same family 
were capable of supporting the stable growth 
of rare (<1% relative abundance) taxa (Fig. 4E), 
similar to what we observed in our experimen- 
tal data (Fig. 1, C and E). Our model suggests 
that species are stabilized by a dense facilita- 
tion network (Fig. 4F), consistent with obser- 
vations of widespread metabolic facilitation in 
experiments (Fig. 3D). Thus, we find that sim- 
ulations of community dynamics with randomly 
generated metabolisms and resource uptake 
capabilities capture a wide range of qualitative 
observations from our experiments and recapit- 
ulate previous empirical observations in natural 
communities (3, 10). 


Discussion 


In the absence of a theory of microbiome as- 
sembly, it is often difficult to determine whether 
empirically observed features of natural micro- 
biomes are the result of system-specific deter- 
minants, such as evolutionary history and past 
selective pressures at the host level (JO), or 
whether they are simply generic emergent prop- 
erties of large self-assembled communities. Our 
results show that the generic statistical prop- 
erties of large consumer-resource ecosystems 
include large taxonomic diversity even in simple 
environments, a stable community-level function 
in spite of species turnover, and a mixture of 
predictability and variability at different taxo- 
nomic depths in how nutrients determine com- 
munity composition. All of these features are 
not only observed in our experiments, but also 
have been reported in systems as diverse as the 
human gut (3, 10), plant foliages (6), and the 
oceans (2, 38). 

Our theoretical results thus provide an ex- 
planation for the ubiquity of these empirical 
findings and suggest that they may reflect 
universal and generic properties of large self- 
assembled microbial communities. In spite 
of their simplicity, consumer-resource models 
may not only capture many of the generic qual- 
itative features observed in the experiments, 
but also recapitulate the more subtle aspects, 
including the existence of temporal blooms in 
species that eventually go extinct and family- 
level similarity of communities (fig. S20 and 
Fig. 4A). However, the models lack biochemical 
detail and thus do not have the resolution to 
explain other experimental results such as pH 
changes, diauxic shifts, or the fact that glucose 
and citrate communities are more similar to 
each other than they are to those stabilized in 
leucine (Fig. 2A). 

The theory and simple experimental setup 
described above also allowed us to identify wide- 
spread mechanisms that lead to the assembly 
of large, stable communities. We find evidence 
that densely connected cross-feeding networks 
may stabilize competition within guilds of highly 
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related species that are all strong competitors for 
the supplied carbon source. Such cross-feeding 
networks naturally lead to collective rather than 
pairwise interactions, supporting the hypothesis 
that higher-order interactions play a critical sta- 
bilizing role in complex microbiomes (J6, 17). 
Whether these findings are generic in more 
complex environments with a larger number 
of externally supplied resources remains to be 
elucidated. For instance, the experiments and 
theory presented in this work indicate that the 
stabilized microbial communities consist of meta- 
bolic generalists, rather than metabolic specialists 
(39), capable of consuming both the supplied 
resource and metabolic by-products. It is unclear 
whether these findings are generalizable to 
microbial communities adapted to static envi- 
ronments where metabolic specialization may 
confer fitness advantages (39). We propose that 
high-throughput top-down approaches to com- 
munity assembly that are amenable to direct 
mathematical modeling are an underused 
but highly promising avenue to identify generic 
mechanisms and statistical rules of micro- 
biome assembly, as well as a stepping stone 
toward developing a quantitative theory of the 
microbiome. 
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PLANT EVOLUTION 


Selective trade-offs maintain alleles 
underpinning complex trait variation 


in plants 


Ashley Troth’, Joshua R. Puzey’”, Rebecca S. Kim’*, John H. Willis’, John K. Kelly** 


To understand evolutionary factors that maintain complex trait variation, we sequenced 
genomes from a single population of the plant Mimulus guttatus, identifying hundreds 
of nucleotide variants associated with morphological and life history traits. Alleles that 
delayed flowering also increased size at reproduction, which suggests pervasive 
antagonistic pleiotropy in this annual plant. The “large and slow” alleles, which were less 
common in small, rapidly flowering populations, became more abundant in populations 
with greater plant size. Furthermore, natural selection within the field population favored 
alternative alleles from year to year. Our results suggest that environmental fluctuations 
and selective trade-offs maintain polygenic trait variation within populations and also 
contribute to the geographic divergence in this wildflower species. 


nderstanding the selective forces that act 
on polygenic traits and the genetic basis 
of that variation will help us predict how 
native species may evolve in response to 
climatic changes. Surveys of individual ge- 
netic variants within and among populations 
allow us to test whether variation is caused by 
rare mutations that are eliminated by selection, 
or whether balancing selection is important in 
maintaining variation. One such complex trait, 
adult body size, is determined by genetic variants 
at dozens to perhaps thousands of loci (J-4). 
Larger body size is often correlated with greater 
fecundity (5). This suggests that variants that 
decrease size should be rare because of selection, 
but simple correlations between size and fecun- 
dity are often misleading (6-8). In fact, selection 
might maintain high genetic variation within 
populations as well as polygenic adaption among 
populations (9). Identifying genetic variants that 
contribute to phenotypic variation makes it 
possible to estimate population allele frequen- 
cies and to distinguish balancing selection from 
purifying selection (10). Genomic information 
can also identify the role of pleiotropy between 
different fitness components (17), how causal 
variants affect fitness in native environments 
(12-14), and whether fluctuating selection due 
to environmental heterogeneity is preserving 
genetic variation (15, 16)—features essential to 
predicting population responses to environ- 
mental change. 
In western North America, annual popula- 
tions of Mimulus guttatus grow rapidly in the 
spring, racing to flower and set seed before they 
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are killed by the summer drought. Size at repro- 
duction is a highly variable, polygenic trait that is 
genetically correlated with time of first flower 
(8, 17). Flower size is a function of overall plant 
size at reproduction. Delayed flowering is corre- 
lated with large, highly fecund flowers, whereas 
rapid flowering is correlated with small flowers 
that set fewer seeds but are more likely to suc- 
cessfully reproduce before the summer drought. 
This antagonistic pleiotropy has been demon- 
strated for large genomic regions [quantitative 
trait loci (QTLs)] within the Iron Mountain, 
Oregon, USA (IM) population in both laboratory 
and field experiments (8, 78, 19). In contrast, 
perennial populations of M. gwttatus that inhabit 
permanently wet habitats have delayed develop- 
ment and produce larger, more fecund flowers. 
Reciprocal transplant experiments demonstrate 
local adaptation and divergent selection on these 
life history traits between annual and perennial 
populations (20). Within IM, transplant experi- 
ments suggest that although large, late-flowering 
genotypes have increased pre-reproductive mor- 
tality, they can occasionally increase fecundity 
(via seed set) when flowering is permitted by a 
delayed onset of drought (18, 19). However, these 
prior studies were unable to distinguish the ef- 
fects of closely linked loci on the genetic control 
of trait variation within or among populations. 


Trait-associated polymorphisms 
exhibit antagonistic pleiotropy and 
characteristic allele frequencies 


To identify DNA sequence polymorphisms that 
contribute to variation in the IM population, we 
generated 187 highly inbred lines and then ran- 
domly crossed pairs of inbred lines. We sequenced 
whole genomes of all 187 inbred lines, identified 
more than 10 million single-nucleotide polymor- 
phisms (SNPs) and small insertions or deletions 
(indels), and inferred F, genotypes. For both in- 
bred lines and outbred F, plants, we measured 
flower size, plant size, and days to flower under 


randomized and controlled greenhouse condi- 
tions. We used Fisher’s combined probability 
statistic to aggregate signal across inbred lines 
and outbred F, plants for the same polymor- 
phisms (27). This resulted in 45 distinct poly- 
morphisms that were genome-wide significant 
for at least one trait (threshold determined by 
permutation, P < 0.05; tables S1 and S2). We 
thinned these to 24 distinct loci by collapsing 
closely linked and/or perfectly associated sites 
[linkage disequilibrium 7? = 1 in the line pop- 
ulation; see (22) for treatment of interlocus as- 
sociations]. These 24 polymorphisms exhibited 
antagonistic pleiotropy (Fig. 1A), with alleles that 
delay flowering also increasing plant size (flower 
size PC1 is an aggregate of floral dimensions). We 
also observed a relationship between phenotypic 
effect and population allele frequency (Fig. 1B). 
Nearly all minor alleles (those with a frequency 
of less than 0.5) increased trait values. 

We also interrogated the inbred lines for struc- 
tural polymorphisms (major deletions, dupli- 
cations, or inversions) relative to the reference 
genome (23). Although there were far fewer of 
these (~120,000), a substantial number exhib- 
ited association with phenotypes (table S3). The 
general pattern mirrors the results from SNPs, 
where the minor allele at each locus almost 
invariably increased trait values (Fig. 1). There 
was only one significant structural polymorphism 
where the reference allele was less frequent than 
the alternative (a 663-base pair deletion on chro- 
mosome 9), and this was the only case where the 
reference allele increased plant or flower size. 
Together, SNPs and structural polymorphisms 
illustrate the pleiotropic trade-off between size 
at reproduction and reproductive timing. 


Trait-associated polymorphisms respond 
to selection on flower size 


We independently validated our trait-associated 
variants with artificial selection by selecting for 
increased and decreased flower size for nine gen- 
erations in populations derived from more than 
1000 plants collected from IM (17). This resulted 
in “High” and “Low” populations that differed 
in mean flower size by ~10 standard deviations. 
After sequencing pooled samples from the High 
and Low population [i.e., Poolseq (24)], we as- 
certained SNPs identified from our inbred line 
sequencing. Given that IM was the source of 
variation in this selection experiment, we pre- 
dicted that alleles increasing flower size, as iden- 
tified in the genome-wide association study (GWAS), 
should be inflated in frequency in the High pop- 
ulation relative to the Low population (25). Be- 
cause the allele frequencies are estimated with 
error due to finite read depth (median read depths 
are 71 and 76 at ascertained SNPs in Low and High, 
respectively), we expanded the trait-associated 
variant set to include 1567 SNPs and small indels 
with a trait association test of P < 10~° in the 
greenhouse GWAS, hereafter the “10~ set.” The 
10° set undoubtedly includes some polymor- 
phisms that do not affect flower size (false posi- 
tives). However, this makes our tests conservative 
because neutral SNPs will not contribute to 
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directional differences in allele frequency between 
populations. 

The selected populations corroborated our 
greenhouse estimates in two important ways. 
First, minor alleles, which are typically asso- 
ciated with late flowering and large flower size 
(Fig. 1B), increased in frequencies in the High 
population relative to the Low (mean Aminoryy, = 
0.012, t1349 = 4.73, P < 0.0001). Here, Aminoryy, is 
the difference in the frequency of the minor al- 
lele between High and Low across 1342 sites in 
the 10~° set that are polymorphic in the com- 
bined High and Low population. At these sites, 
the increase in minor allele frequency substan- 
tially elevates the mean expected heterozygosity 
(2pq) in the High population (mean = 0.1383, 
SE = 0.0034) relative to both the inbred line 
(mean = 0.1227, SE = 0.0029) and Low population 
(mean = 0.1172, SE = 0.0035). The elevated hetero- 
zygosity at flower size loci helps to resolve the 
paradoxical finding that selection increased not 
only the mean but also the genetic variance of 
flower size in the High population (7). Although 
directional selection should ultimately deplete 
genetic variation, short-term increases are possi- 
ble if the direction of allelic effects is negatively 
associated with minor allele frequency (as in 
Fig. 1B). Many sites in the 10° set affect flower 
size only weakly, and if we restrict our focus on 
the subset of sites with P < 10° for flower size 
PCl, the divergence in allele frequency is greater 
(mean Aminoryy, = 0.021, tyo3 = 2.82, P = 0.006, 
n = 105). 

We also tested whether the estimated pheno- 
typic effect of the trait-associated alleles predicts 
the difference in allele frequency between High 
and Low populations. Here, Areftz, denotes the 
difference in reference base frequency (High - 
Low) to which effects are attributed. Using Arefiz,, 
as the response variable in a linear regression, we 
found that the GWAS-estimated effect of an al- 
lele on flower size PC1 is a significant positive 
predictor of Arefir, (Fii340 = 9.69, P = 0.002), as is 
the effect on plant height (Fyy340 = 14.99, P < 
0.0001). Complementary to the observed changes 
in minor alleles, the analysis based on phenotypic 
effects indicates that alleles estimated to affect 
flower size and plant size in the GWAS responded 
as expected to directional selection. This corrob- 
oration across independent experiments is not 


trivial. Large GWAS of Drosophila melanogaster 
have failed to replicate directional allelic effects of 
the same SNPs across populations (26), perhaps 
owing to pervasive genetic background effects 
(epistasis). 


Minor alleles associated with large 
size and late flowering are more 
frequent in M. guttatus populations 
with larger plants 


The polygenic adaptation hypothesis (9) predicts 
that the large, late-flowering alleles that segre- 
gate at lower frequencies within the IM pop- 
ulation should be more frequent in M. guttatus 
populations that have longer growing seasons 
and larger average plant size. We estimated allele 
frequencies at trait-associated sites between sim- 
ultaneously collected wild plants from IM and 
the nearby larger-flowered Quarry population. 
Each was assayed in a multiyear population re- 
sequencing experiment (27), and we combined 
samples from 2013 and 2014 within each pop- 
ulation. We found that 1477 SNPs of the 10° set 
are polymorphic in the IM and Quarry (com- 
bined) data, with median read depths of 187 and 
163 for IM and Quarry, respectively. These loci 
exhibited allele frequency divergence (Fig. 2), 
with minor alleles (associated with large size and 
late flowering in IM) more common in Quarry 
than in IM (mean Aminorg ty = 0.099, SE = 0.005, 
tars = 18.3, P < 0.0001). 

The comparison of Aminorg 1 values at trait- 
associated polymorphisms with the background 
distribution (Fig. 2A) reveals that trait-associated 
loci are more different between populations than 
the typical SNP. Fs; outlier tests (28) use this 
as the signal of local adaptation (Fsr is a measure 
of divergence among populations). Here, we see 
that the deviation between distributions is high- 
ly asymmetric, driven by a much higher frequen- 
cy of sites with large positive Aminoram among 
trait-associated sites relative to the genome as a 
whole (Fig. 2A). This pattern is reinforced by 
considering the estimated phenotypic effects of 
GWAS loci. The effect of the reference allele on 
flower size (PC1) is a strong positive predictor of 
Aref (Fig. 2B; Fysa75 = 218, P < 0.0001). The 
more positive the effect of an allele on flower size 
in the IM GWAS, the larger the difference in this 
allele’s frequency in Quarry relative to IM. This 


is the signature of polygenic adaptation: Alleles 
that promote later flowering and greater size at 
flowering are at higher frequencies in slower- 
maturing, larger-flowered populations. 


IM polymorphisms cause fitness 
variation and experience fluctuating 
selection in nature 


The divergence between natural populations, in 
terms of both trait means and allele frequencies 
at trait-associated loci, is indicative of adapta- 
tion. To determine how selection acts on trait- 
associated loci within IM, we grew replicates of 
the same F;, lines used in the greenhouse GWAS 
experiments in their native habitat across 3 years 
(which corresponds to three full generations for 
these annual plants). We monitored plants for 
various flowering time and size traits, survival to 
seed set (viability), fecundity of survivors, and 
total seed count (a measure of lifetime female 
fitness) at the end of each season. Allelic effects 
were determined on each fitness component 
for loci with effects on flower size PC1 (10° set) 
in the greenhouse (Fig. 3). A midseason drought 
yielded high mortality in 2015, but 2014 and 2016 
provide a clear contrast of selection regimes. Se- 
lection favored small, rapidly flowering alleles in 
2014 primarily because of their greater survival to 
reproduction prior to the onset of summer drought. 
In contrast, late onset of drought in 2016 allowed 
increased survival of plants with a lower frequency 
of large, late-flowering alleles, and selection favored 
them as a result of their greater fecundity. 

As with the population resequencing data (e.g., 
Fig. 2), we performed analyses classifying poly- 
morphisms by allele frequency and then accord- 
ing to phenotypic effect. For each polymorphism 
tested in the F, plants, we calculated the mean 
effect of the minor allele as the difference in 
mean fitness between the heterozygote and the 
major homozygote. We ignored homozygotes 
for the minor allele here because very few were 
present in the field plants. We focused on SNPs 
with an effect on flower size PC1 from the green- 
house GWAS (those in Fig. 3). In 2014, the mean 
effect of the minor allele was -0.181 on viability 
and -6.12 on total seed (68 polymorphisms). In 
2016, the corresponding values for viability and 
total seed were 0.045 and 21.3, respectively (73 
polymorphisms). We tested whether these average 


Fig. 1. Trait-associated alleles 
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Population minor allele frequency 


exhibit strong associations. 

A) The effect of the reference 
allele (base or indel) on days 

to flower is a strong positive 
predictor of its effects on flower 
size (blue) and plant height 
green). (B) The effect of the 
minor allele at each locus 

on days to flower (black), height 
green), and flower size (blue) 
is plotted against frequency in 
the lines. Here, effects are 
standardized by the standard 
deviation of the trait. 
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effects were significantly different from zero by 
permuting F, means for fitness components 
against F, genome sequences within each year 
(22). The positive effect of minor alleles on fitness 
(total seed) in 2016 (Fig. 3C) is significant (P = 
0.0008). The negative effect of minor alleles on 
viability in 2014 (Fig. 3A) is marginally nonsig- 
nificant (P = 0.11). We then tested for heteroge- 
neity in selection by treating the change in mean 
effect (2016 versus 2014) as the test statistic. The 
change in viability effect (0.212) is marginally non- 
significant (P = 0.07), but the pronounced change 
in average minor allele effect on total seed (26.8) 
is highly significant (P = 0.004). 

Considering the phenotypic effects, we re- 
gressed the estimated effects of alleles on a fit- 
ness component onto their respective estimated 
effects on flower size PC1 (Fig. 4). We included 
polymorphisms that have minimal effects on 
flower size because these loci provide the inter- 
mediate values for the predictor (allelic effect on 
flower size) in the regression. Using the same 
permutation procedure, we found that pheno- 
typic effect estimates from the greenhouse GWAS 
are significant positive predictors of total seed in 
2016 (P = 0.03; Fig. 4D). Although the apparently 
negative relationship in 2014 is not significant 
(Fig. 4B), the significant (P = 0.04) change in the 


slope (2016 versus 2014) demonstrates fluctuat- 
ing selection across years. 


Evolutionary implications 


The measurement of both inbred lines and out- 
bred F, plants in the greenhouse suggests that 
trait-associated loci have positively correlated ef- 
fects on size (plant and flower) and reproductive 
age (Fig. 1A). In the IM population, early flower- 
ing and high fecundity both tend to increase fit- 
ness; the trade-off demonstrated by these alleles 
thus yields antagonistic pleiotropy. The correla- 
tions among size and life history traits previously 
demonstrated at the whole-genome level (8, 17) 
and at the QTL scale (78, 19, 29) are now mapped 
to sequence-level variants. The trade-off within 
IM extrapolates further to divergence in life his- 
tory and morphology among annual and peren- 
nial populations throughout the species range. 
We also find that alleles associated with large 
size and late flowering are nearly always less 
common in the IM population than the alter- 
native alleles (Fig. 1B). This finding is consistent 
with the idea that selection often, but not always, 
favors plant genotypes that flower earlier, despite 
having lower seed set. Additionally, these same 
large, late-flowering alleles are more abundant 
in a neighboring population of M. guttatus with 


greater average plant size (Quarry versus IM in 
Fig. 2). The geographic comparison is straight- 
forward because nearly all SNPs present in IM 
are also segregating in Quarry (27). Thus, diver- 
gence in allele frequency predicts the divergence 
in mean phenotype among populations; this is 
similar to the divergence of human adult height, 
where “tall” GWAS alleles are relatively more 
abundant in northern European than in south- 
ern European populations (30). 

The divergence between Quarry and IM does 
not indicate how polymorphisms are maintained 
within IM. Antagonistic pleiotropy could main- 
tain intrapopulation polymorphism, although a 
proper balance of positive and negative effects is 
required (J, 31). Alternatively, stabilizing selec- 
tion might act on flowering time within IM; in 
that case, polymorphism would reflect a balance 
between selection and mutation and/or migra- 
tion from large-flowered populations. However, 
the most simplistic migration or mutation mod- 
els are not sufficient to explain polymorphism 
within IM. The minor alleles associated with late 
flowering and large size in IM are not genuinely 
rare when considered in relation to population 
size. A typical year at IM has at least 300,000 
flowering adults, and thus an allele with a fre- 
quency of ~5% (typical of minor trait-associated 
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Fig. 2. SNPs and small indels with a trait association test of P < 10°° in the greenhouse GWAS as ascertained in pooled samples from two 
natural populations, IM and Quarry. (A) Density plots for the difference in frequency of the minor base (within the inbred line set) between Quarry 
and IM. Solid red curve, distribution for trait-associated sites; dashed black curve, distribution for all sites. (B) Allelic effect on flower size PC1 
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Fig. 3. Effects of minor frequency alleles on fitness components vary between years. The estimated effects of the minor allele on (A) viability, 


(B) log(seed set of survivors), and (C) total seed set (dead included) is plotted against allele frequency for plants in 2014 (blue) and 2016 (green). These 
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Fig. 4. The effects of all trait-associated polymorphisms (P < 10~° in the greenhouse 
GWAS) on survival and total seed set. (A and B) Selection in 2014 (negative on flower size). 
(C and D) Selection in 2016 (positive on flower size). Viability is the response variable in (A) and 
(C), total seed in (B) and (D). The subset of polymorphisms that are significant for flower size 
PC1 are red. Here, effects are attributed to the reference allele at each polymorphism. 


alleles) is present in at least 30,000 copies (32). 
This is an excessively large number for mutation- 
selection balance, and migration-selection ba- 
lance would require a large number of immigrants 
each generation to offset directional selection. 
However, high migration is inconsistent with the 
relatively high differentiation of allele frequen- 
cies among populations of M. guttatus. Across its 
geographic range, M. guttatus exhibits Fy; values 
near 0.5. Neighboring populations exhibit lower 
but still substantial differentiation: Fs; ~ 0.1 at 
the scale of a few kilometers (33). Deleterious 
alleles can be inflated by a recent population bot- 
tleneck, but the high nucleotide diversity within 
IM argues against this possibility (34). 

The 2016 field data (Figs. 3 and 4) provide the 
most direct evidence against directional selec- 
tion favoring alleles that cause rapid flowering 
and small size within IM. In many years, a large 
fraction of plants never make it to flower (8, 18). 
However, 2016 had an atypically long growing 
season. Perhaps because of this, the average fit- 
ness of large, late-flowering alleles was signif- 
icantly greater than that of their small, rapidly 
flowering alternatives. In the more typical 2014, 
selection favored alleles associated with early 
flowering and small flowers. The high-frequency 
alleles that decrease size within IM (Fig. 1B) may 
reflect the historical regularity of shorter seasons 
such as 2014. However, the 2016 data suggest 
that environmental fluctuations might preserve 
variation at the nucleotide and trait levels by al- 
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lowing large, late-flowering alleles to persist at 
much higher frequencies than expected from 
migration- or mutation-selection balance. More 
generally, our synthesis of population genomic, 
phenotypic, and fitness data from the wild con- 
nects evolutionary processes responsible for both 
geographical variation and the persistence of 
high genetic variation within local populations 
of M. guttatus. The selective trade-offs evident 
for our trait-associated variants suggest that these 
alleles will respond to selection as climate change 
alters the initiation and duration of natural grow- 
ing seasons. 
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Scale-invariant magnetoresistance 
in a cuprate superconductor 


P. Giraldo-Gallo”*, J. A. Galvis’**, Z. Stegen”’*{, K. A. Modic’, F. F. Balakirev®, 
J. B. Betts®, X. Lian’™*, C. Moir’, S. C. Riggs’, J. Wu’, A. T. Bollinger’, X. He”®, 
I. Bozovie”*, B. J. Ramshaw®®, R. D. McDonald®, G. S. Boebinger’*, A. Shekhter'{ 


The anomalous metallic state in the high-temperature superconducting cuprates is 
masked by superconductivity near a quantum critical point. Applying high magnetic 
fields to suppress superconductivity has enabled detailed studies of the normal state, 
yet the direct effect of strong magnetic fields on the metallic state is poorly 
understood. We report the high-field magnetoresistance of thin-film Laz_,Sr,CuO, 
cuprate in the vicinity of the critical doping, 0.161 < p < 0.190. We find that the 
metallic state exposed by suppressing superconductivity is characterized by 
magnetoresistance that is linear in magnetic fields up to 80 tesla. The magnitude of 
the linear-in-field resistivity mirrors the magnitude and doping evolution of the 
well-known linear-in-temperature resistivity that has been associated with quantum 
criticality in high-temperature superconductors. 


igh-temperature superconductivity in the 

cuprates is born directly out of a “strange” 

metallic state that is characterized by linear- 

in-temperature resistivity up to the highest 

measured temperatures (J-4). In conven- 
tional metals, current is carried by long-lived 
electronic quasiparticles, which requires the 
scattering length not to be significantly shorter 
than the de Broglie wavelength (5-8). In contrast, 
the resistivity in the strange metal state of the 
cuprates does not saturate or exhibit a crossover 
at the temperature where the inferred quasi- 
particle scattering length is comparable to the 
electronic wavelength. This behavior is some- 
times referred to as “Planckian dissipation,” which 
suggests that the transport relaxation rate h/t 
(where f is the reduced Planck constant and 1 is 
the relaxation time) is limited directly by the ther- 
mal energy scale kgT (where Xz is the Boltzmann 
constant and T is absolute temperature) rather 
than by quasiparticle interactions and lattice dis- 
order (4, 9-16). This calls into question the very 
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existence of quasiparticles in the strange metal 
state. More important, it indicates scale-invariant 
dynamics (i.e., the lack of an intrinsic energy 
scale). This behavior is observed in both classes 
of high-7, superconductors—the cuprates and 
the pnictides (17, 18)—but its microscopic origin 
and implications for superconductivity have yet 
to be fully understood. 

Scale-invariant transport is commonly associ- 
ated with metallic quantum criticality: A charac- 
teristic energy scale is continuously tuned by 
an external parameter and vanishes when the 
tuning parameter crosses a critical value (4). For 
hole dopings below the critical point, p < 0.19, 
the Hall effect in Lay_,Sr,CuO, (19) and quantum 
oscillations in YBa,Cu3O0¢,5 (20, 21) provide evi- 
dence for a small carrier pocket, believed to be 
associated with a charge density wave (22-24). 
By contrast, when p > 0.19, quantum oscillations 
in Tl,BayCuOg.,5 (25) indicate a large hole-like 
Fermi surface, in agreement with band structure 
calculations (26). Measurements of Hall resistiv- 
ity (27-29), the upper critical magnetic field (30), 
and the quasiparticle effective mass (20, 21, 25), 
as well as the zero-temperature collapse of a line 
of phase transitions (37-35), suggest a quantum 
critical point near p = 0.19. At this doping, the 
linear-in-temperature resistivity extends to the 
lowest temperatures (4, 16, 36), and therefore 
one might expect to access the anomalous be- 
havior in the strange metal state in the broadest 
range of magnetic fields. 

Magnetic fields have been instrumental in the 
study of both conventional and correlated metals 
because they couple directly to the charge carriers. 
Previous studies of the cuprates have made use of 
magnetic fields as a way of suppressing super- 
conductivity to reveal the normal ground-state 
properties through the magnetoresistance and 
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quantum oscillations (16, 17, 19-21, 25, 27-29, 36-39). 
The linear-in-temperature resistivity, however, 
suggests a strong interaction between the metal- 
lic state and the critical fluctuations associated 
with the quantum critical point. What has been 
missing is a study of how the magnetic field 
affects these fluctuations and thus the metallic 
state. To this end, we studied the electrical trans- 
port of Lay_,Sr,CuO, in high magnetic fields for 
a range of compositions near the critical doping, 
x = 0.19. We found a scale-invariant response to 
the magnetic field that is distinct from the well- 
understood response of charged quasiparticles 
to the Lorentz force in conventional metals 
(40, 41). Strikingly, linear-in-field resistivity at 
high fields, together with linear-in-temperature 
resistivity at high temperatures, emerges as an 
intrinsic characteristic of the strange metal state 
in a cuprate superconductor. 

Figure 1 shows the in-plane resistivity (p) of a 
thin-film Lay_,Sr,CuO, cuprate sample at p = 
0.190 (42-47) in magnetic fields aligned along 
the crystallographic c axis up to 80 T. Linear-in- 
temperature resistivity down to the supercon- 
ducting transition temperature, 7. = 38.6 K 
(Fig. 1E), indicates close proximity to the critical 
doping. Figure 1A shows that the magnetoresist- 
ance below 40 K is linear in magnetic field over 
the entire normal-state field range. To quantify 
this observation, we define the field slope B(B,T) = 
dp(B,T)/dB. We observe that at 70 T, B(B,T) satu- 
rates below 25 K (Fig. 1, B and C, and fig. S3), 
which suggests that linear-in-field resistivity is 
an intrinsic property of the strange metal state. 
The saturation value of B at low temperature 
and high fields in natural energy units is B/ug = 
5.2 nwohm-cm/meV, where up is the Bohr mag- 
neton. This is comparable in magnitude to the 
temperature slope, o(T) = dp(T)/dT, which is 
11.8 nwohm-cm/meV in o/Xg energy units. 

In conventional metals, magnetoresistance orig- 
inates from the motion of electron quasiparticles 
around the Fermi surface under the action of the 
Lorentz force (40, 41). For a given Fermi surface 
morphology, the strength of magnetoresistance is 
controlled by the product of the cyclotron fre- 
quency, @, = eB/m* (where m* is the quasi- 
particle mass), and the quasiparticle relaxation 
time t. Magnetoresistance generally decreases in 
conventional metals as t decreases with increas- 
ing temperature. This is in contrast to what we 
observe in Lay_,Sr,CuO, at p = 0.190 (Fig. 1). At 
80 T, and between 4 and 25 K, we observe nearly 
a factor of 2 increase in resistivity, suggesting a 
factor of 2 decrease in t (Fig. 1, A and D) (48), and 
yet the strength of the magnetoresistance [dp(T)/ 
dB) at 80 T between 4 and 25 K is independent of 
temperature (Fig. 1, B and C). This indicates that 
at very high magnetic fields, the transport relax- 
ation rate is set directly by the magnetic field 
through h/t © upB. A mechanism other than the 
traditional picture of orbiting quasiparticles 
must therefore underlie the high-field magneto- 
resistance in Lay_,Sr,CuO,. One conclusion is 
that the magnetic field directly affects the dy- 
namics of critical fluctuations that are responsi- 
ble for the relaxation time (4, 12-15). 
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Fig. 1. ab-plane resistivity of 
thin-film Laz_,Sr,CuO, 

at p = 0.190. The magnetic 
field is applied along the c 
axis. (A) Magnetoresistance 
up to 80 T for temperatures 
ranging from 4 K up to 180 K. 
The right axis indicates the 
resistivity in temperature 
units, p/a, where a is obtained 
from the linear fit in (E). The 
aspect ratio reflects natural 
energy units for the magnetic 
field, ugB, and temperature, 
kpT, where the energy of 80 T 
corresponds approximately to 
that of 53.7 K. (B) Temper- 
ature dependence of B(B,T) = 
dp/aB at a fixed field of 70 T 
obtained as the slope of a linear 
fit to the magnetoresistance in 
(A) in the field range between 
65 and 77 T. B(B,T) saturates 
below about 25 K. Color 
coding for temperature values 
as indicated in (A) also applies 
to (B) and (C). (©) Magnetic 
field dependence of B(B,7), 
showing that B(B,7T) saturates 
for B > 50 T in a broad 
temperature range, 10 K< T< 
25 K. (D) Temperature 
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dependence of the resistivity at fixed fields. The gray line indicates the zero-field resistivity from (E). (E) Zero-field resistivity up to room temperature. The 
gray line indicates a linear-fit extrapolation of the resistivity to temperatures below the superconducting transition, p = po + al. The magnitude of the 
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Fig. 2. Doping dependence of the ab-plane magnetoresistance in Laz_,Sr,CuO,. 

(A) Magnetoresistance for magnetic fields applied along the c axis up to 55 T in the range 
of dopings 0.161 < p < 0.184 from 10 K to 60 K. (B) Zero-field resistivity versus temperature 
for the same set of dopings as well as doping at p = 0.190. (C) Doping evolution of the 
temperature slope a(p) (red) and field slope B(p) (blue) in the doping range p = 0.161 to 0.190. 
The left axis indicates values of o/kg and B/ug in energy units (uohm-cm/meV); the right 
axis indicates the value of a in wohm-cm/K. 
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The smooth evolution of the temperature slope 
a(p) across the critical doping (16, 49) is another 
indication of a lack of well-defined quasiparticles 
in the strange metal phase at high temperatures, 
in contrast to the divergence of quasiparticle 
effective mass approaching the critical doping at 
low temperatures (50). The doping evolution of 
the magnitude of B(p) may provide further in- 
sight into the character of transport in the strange 
metal state. We measured the ab-plane resistivity 
in magnetic fields along the c axis up to 55 T in 
Lay_,St,CuO, over the range of dopings p = 0.161 
to p = 0.184 (Fig. 2). All samples in this doping 
range exhibit linear-in-temperature resistivity at 
high temperatures (Fig. 2B). The saturation value 
of B(p) is shown in Fig. 2C along with a(p) in 
natural energy units. Both a(p)/X, and B(p)/Lp 
decrease monotonically with doping in this 
doping range and evolve at a similar rate. The 
weak doping dependence of B(p) and a(p) ap- 
proaching critical doping is in apparent contrast 
to the rapid increase in the Hall coefficient 
(27-29) and the divergence of the effective mass 
(2D) as the critical doping is approached at low 
temperature and high magnetic fields. This again 
indicates that despite the observation of quantum 
oscillations at low temperatures [in YBagCu30¢,5 
(20, 21) and T1,Ba,CuQOg¢,5 (25)], the high-field, 
high-temperature magnetoresistance in cuprates 
has a non-quasiparticle origin. 

It is well known that the transport relaxation 
rate is linear-in-temperature, ii/t ° kpT, in the 
fan-shaped region of the temperature-doping plane 
(Fig. 3, magenta) emerging from the critical point 
(49). Our results (Fig. 2) suggest that an analogous 


Fig. 3. Schematic doping-field-temperature 
(p-B-T) phase diagram in the vicinity of the 
critical doping Perit. Note that the supercon- 
ducting phase surrounding the critical point is 
not shown. The magenta lines indicate the 
extent of the fan-shaped region (shaded in 
magenta) in the p-T plane where linear-T 
resistivity exists. The fan-shaped region of 
linear-B resistivity in the p-B plane (shaded in 
blue) is bounded by the blue lines. The gradient- 
colored lines separate the region of the p-B-T 
space where scale-invariant transport behavior, 
h/t « max{kgT, ugB}, exists. In the region 
behind these lines, a large intrinsic energy scale 
suppresses the anomalous dependence of h/t 
on temperature and magnetic field. All lines in 
this drawing indicate a smooth crossover 
region, not a distinct phase boundary. 
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fan-shaped region exists in the magnetic field- 
doping plane (Fig. 3, blue) where the relaxation 
rate is linear-in-field, #/t © upB. This extends a 
quantum critical region in field, temperature, 
and doping where the transport relaxation rate 
is set by the dominant energy scale, h/t max 
{kgT, UpB}, as illustrated in Fig. 3 (57). 

These measurements establish the linear mag- 
netoresistance at very high fields as a fundamen- 
tal property of the strange metal state in the 
cuprates. A linear dependence on an external 
energy scale is not the only possible outcome of 
scale invariance near quantum critical point; 
in principle, any power-law dependence is pos- 
sible. It is therefore striking that the temper- 
ature and field dependence of the resistivity in 
Lay_,Sr,CuO, assumes the simplest possible form. 
Both the cuprates and the pnictides (78) exhibit 
this simple form of scale invariance, revealing 
another universal characteristic of high-temperature 
superconductors. 
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BLACK HOLE PHYSICS 


A dust-enshrouded tidal disruption 
event with a resolved radio jet in a 


galaxy merger 
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Tidal disruption events (TDEs) are transient flares produced when a star is ripped apart by 
the gravitational field of a supermassive black hole (SMBH). We have observed a transient 
source in the western nucleus of the merging galaxy pair Arp 299 that radiated >1.5 x 10°? erg 
at infrared and radio wavelengths but was not luminous at optical or x-ray wavelengths. We 
interpret this as a TDE with much of its emission reradiated at infrared wavelengths by dust. 
Efficient reprocessing by dense gas and dust may explain the difference between theoretical 
predictions and observed luminosities of TDEs. The radio observations resolve an expanding 
and decelerating jet, probing the jet formation and evolution around a SMBH. 


he tidal disruption of stars by supermassive 
black holes (SMBHs) in the nuclei of galaxies 
was predicted theoretically 30 years ago 
(, 2). In a tidal disruption event (TDE), 
roughly half of the star’s mass is ejected, 
whereas the other half is accreted onto the 
SMBH, generating a bright flare that is normally 
detected at x-ray, ultraviolet (UV), and optical 
wavelengths (3-5). TDEs are also expected to 
produce radio transients, lasting from months to 
years and including the formation of a relativistic 
jet, if a fraction of the accretion power is chan- 
neled into a relativistic outflow (6). TDEs provide 
a means of probing central black holes in qui- 
escent galaxies and testing scenarios of accre- 
tion onto SMBHs and jet formation (3, 6). 

On 2005 January 30, we discovered a bright 
transient in the near-infrared (IR) (7) coincident 
with the western nucleus B1 (Fig. 1) of the nearby 
[44.8 Mpc (7)] luminous infrared galaxy (LIRG) 
Arp 299. In galaxy mergers like that of Arp 299, 
large amounts of gas fall into the central regions, 


triggering a starburst. The long-term radio var- 
iability (8) and the IR spectral energy distribu- 
tion (SED) (9) indicate a very high core-collapse 
supernova (SN) rate of ~0.3 year’ within the B1 
nucleus. The B1 region also harbors a Compton- 
thick active galactic nucleus (AGN) that has been 
seen directly only in hard x-rays (10). This is con- 
sistent with an extremely high visual extinction 
Ay of ~460 magnitudes through an almost edge- 
on AGN torus (71). Galaxy mergers like that of 
Arp 299 are expected to have TDE rates several 
orders of magnitude higher than in field galaxies, 
albeit for relatively short periods of time [~3 x 
10° year (12)]. 

The transient source (henceforth Arp 299-B 
ATI) was discovered as part of a near-IR (2.2 um) 
survey for highly obscured supernovae (SNe) in 
starburst galaxies (13). Over the following years it 
became luminous at IR and radio wavelengths, 
but was much fainter at optical wavelengths (7), 
implying substantial extinction by interstellar 
dust in Arp 299. Our follow-up observations show 


that the nuclear outburst had a peak brightness 
comparable to that of the entire galaxy nucleus at 
both near-IR and radio wavelengths (Fig. 1) (7). 
Based on the energetics and multiwavelength 
behavior of Arp 299-B AT] over a decade of obser- 
vations (Figs. 1 to 3), two broad scenarios to ex- 
plain its origin are plausible: (i) an event unrelated 
to the SMBH, such as an extremely energetic SN, 
or a gamma-ray burst; or (ii) accretion-induced 
SMBH variability, such as an AGN flare, or a TDE. 

High-angular resolution [100 milli-arcsec 
(mas)], adaptive optics-assisted, near-IR imaging 
observations from the Gemini-North telescope 
(7) show that Arp 299-B AT1 remained stationary 
and coincident (within 37 mas, corresponding 
to ~8 pc projected distance) with the near-IR 
K-band nucleus, as seen in pre-outburst imaging 
from the Hubble Space Telescope (HST) (Fig. 1). 
Radio observations obtained with very-long- 
baseline interferometry (VLBI) constrain its posi- 
tion with milli-arcsec angular precision (7). 
Pre-discovery Very Long Baseline Array (VLBA) 
observations showed several compact sources 
at 2.3 GHz within the central few parsecs of the 
B1 nucleus, but no counterparts at higher fre- 
quencies (74). A new compact radio source was 
detected on 2005 July 17 at 8.4 GHz with the 
VLBA (7, 14). The coincidence of the near-IR and 
VLBI positions, together with the appearance of 
the VLBI source soon after the near-IR detection 
and their subsequent evolution (see below) (7), 
point to a common origin for both. 

High-angular resolution radio observations of 
Arp 299-B AT1 with VLBI show that the initially 
unresolved radio source developed a prominent 
extended, jet-like structure, which became evident 
in images taken from 2011 onwards (Fig. 1) (7). 
The measured average apparent expansion speed 
of the forward shock of the jet is (0.25 + 0.03) ¢ 
between 2005 and 2015 (7), where c is the speed 
of light. The radio morphology, evolution, and ex- 
pansion velocity of Arp 299-B AT1 rule out aSN 
origin. Similarly, a gamma-ray burst is inconsis- 
tent with both the observed peak flux density and 
time to reach that peak at radio wavelengths (15). 
Therefore, the most likely explanation is that Arp 
299-B AT1 is linked to an accretion event onto the 
SMBH. The persistent 2.3-GHz radio emission 
most likely corresponds to the quiescent AGN 
core (7). 
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The multifrequency radio light curves of Arp 
299-B ATI (Fig. 2) are well reproduced by a 
model (16) of a jet powered by accretion of part 
of a tidally disrupted star onto a SMBH (7). The 
jet initially moves at relativistic speeds ~0.995 c, 
but after a distance of less than ~10"” cm (cor- 
responding to ~760 days after the burst), it has 


already decelerated substantially to ~0.22 c, in 
agreement with expectations for TDE-driven jets 
(6). The apparent speed of the jet indicated by 
the VLBI observations, together with the non- 
detection of the counterjet and the modeling of 
the radio light curves, constrains the jet viewing 
angle, 0,,;, to be within a narrow range: 25° to 


35° (7). If the jet had been launched by a pre- 
existing AGN, its viewing angle with respect to 
our line of sight should have been close to 90°, as 
the AGN torus is seen almost edge-on (11), and a 
counterjet should have also been detected (7). 
However, a radio jet associated with a TDE does 
not necessarily have to be perpendicular to the 


5 arcsec 


i 


435+814 nm 


Fig. 1. The transient Arp 299-B AT1 and its host galaxy Arp 299. (A) A 
color-composite optical image from the HST, with high-resolution, 12.5 by 
13 arcsec size near-IR 2.2-um images [insets (B) and (C)] showing the 
brightening of the B1 nucleus (7). (D) The evolution of the radio morphology 
as imaged with VLBI at 8.4 GHz [7 x 7 milli-arcsec (mas) region with the 
8.4-GHz peak position in 2005, right ascension (RA) = 11h28m30.9875529s, 
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Fig. 2. Radio properties of Arp 299-B AT1. (A) Radio luminosity 
evolution of Arp 299-B AT1 at 1.7 (circles), 5.0 (pentagons), 

and 8.4 GHz (squares) spanning more than 12.1 years of observations, 
along with modeled radio light curves, using hydrodynamic and 

radiative simulations for a TDE-launched jet (16). The day zero 
corresponds to 2004 Dec. 21.6. (B) Intrinsic (beaming-corrected) jet 
kinetic energy, Ex, versus outflow speed (19) [I'p, where P = (1 — p*)¥”? is 
the bulk Lorentz factor of the outflow and 8 = v/c], from radio observations 
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declination (Dec) = 58°33'40".783601 (J2000.0), indicated by the dotted 
lines]. The VLBI images are aligned with an astrometric precision better than 
50 uas. The initially unresolved radio source develops into a resolved jet 
structure a few years after the explosion, with the center of the radio emission 
moving westward with time (7). The radio beam size for each epoch is 
indicated in the lower-right corner. 
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of gamma-ray bursts (GRBs), supernovae (SNe), low-luminosity active galactic nuclei (LLAGN), and TDEs (4, 16, 19-21, 32). The large circles 

show, from right to left, the inferred loci for Arp 299-B AT1 at four different epochs in the observer's frame: just after the jet is launched by the TDE, 
and ~1, ~12, and ~760 days thereafter. For the LLAGN sample, we have assumed a constant jet kinetic power over 10 years. The triangles indicate 
upper limits for the expansion speed of IGR J1258+01 (20) and Sw J1644+57 (21). 
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preexisting AGN accretion disc (77). We therefore 
identify the observed radio jet as being launched 
by a TDE. No direct imaging has previously 
shown an expanding jet in a TDE, and its likely 
presence has been inferred on the basis of un- 
resolved radio observations only in the cases 
of ASASSN-141i (3, 78, 19), IGR J12580+0134 
(20), and Swift J16444.9.3+573451 (hereafter Sw 
J1644+57) (21). Our VLBI observations show a 
resolved, expanding radio jet in a TDE, in ac- 
cordance with theoretical expectations (6). 
The intrinsic (i.e., beaming-corrected) kinetic 
energy of the jet required to reproduce the radio 
light curves (Fig. 2) is (1.8 + 0.9) x 10™ erg (7), 
similar to the case of the relativistic TDE Sw 


J1644+57 (16). The rise of the radio emission at 
high frequencies in less than about 200 days, 
and the substantial delay in the rise of the lower- 
frequency radio emission (7) implies the existence 
of substantial external absorption, consistent 
with the jet being embedded in the very dense 
nuclear medium of the AGN, which has a con- 
stant thermal electron number density of ~4 x 
10* cm™ up to a distance 6.3 x 10” cm from the 
central engine (7). 

Observations from the ground and the Spitzer 
Space Telescope show that the IR SED of Arp 
299-B ATI and its evolution from 2005 until 
2016 can be explained by a single blackbody 
component (Fig. 3). The blackbody radius ex- 


pands from 0.04 to 0.13 pc between May 2005 
and January 2012, while its temperature cools 
from ~1050 to ~750 K. The size, temperature, 
and peak luminosity (6 x 10*° erg s”) of the IR- 
emitting region agree well with both theoretical 
predictions and observations of thermal emis- 
sion from warm dust surrounding TDEs (22, 23). 
Therefore, the IR SED and its evolution are con- 
sistent with absorption and reradiation of the 
UV and optical light from Arp 299-B AT1 by 
local dust. 

We modeled the IR SED of the pre- and 
post-outburst (734 days after the first IR detec- 
tion) components of Arp 299-B1 using radiative 
transfer models for the emission from a starburst 
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observed IR spectral energy distribution (points) shown together 
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on 2004 Dec. 21.6 (7). Over this period, the blackbody temperature 
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Fig. 4. Model for the observed properties of Arp 299-B AT1. Best-fit 
models for the spectral energy distribution of the Arp 299 nucleus B 

at (A) pre-outburst and (B) post-outburst (734 days after the first IR 
detection). The models include a starburst component (dashed line), an 
active galactic nucleus (AGN) dusty torus (dotted line), and a polar dust 
component (thick solid line) (7). The sum of these components is shown as 
a thin solid line. In (B), most of the model parameters were fixed, while 
the temperature of the polar dust varied from 500 K in the pre-outburst 
case to 900 K in the post-outburst case. This yields a covering factor of the 
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polar dust of 23 to 78%, implying that the total radiated energy is 

~(1.9 to 6.5) x 10° erg. (C) Schematic diagram (not to scale) showing the 
geometry of the emitting and absorbing regions (7). The TDE generates 
prominent x-ray, ultraviolet, and optical emission. However, the direct line 
of sight to the central black hole is obscured by the dusty torus, which 

is opaque from soft x-rays to infrared wavelengths. The polar dust 
reradiates in the infrared a fraction of the total energy emitted by the 
event. The transient radio emission originates from a relativistic jet 
aunched by the tidal disruption of a star. 
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within the galaxy, and from a dusty torus, as 
predicted by the standard unified model for 
AGN, including also the effect of dust in the 
polar regions of the torus (Fig. 4) (24). The mod- 
el luminosities of the starburst and AGN dusty 
torus components remain constant within the 
uncertainties, whereas the luminosity of the 
polar dust component is found to increase by 
a factor of ~15 after the outburst, and the corre- 
sponding polar dust temperature increases from 
500 to 900 K. Therefore, the observed IR SED of 
Arp 299-B AT1 can be most plausibly explained 
by reradiation by optically thick dust clouds 
in the polar regions of the torus, which suffer 
from a relatively low foreground extinction with- 
in Arp 299-B1 (7). 

Integrating the luminosity of Arp 299-B AT1 
over the period 2005 to 2016 (Fig. 3) yields a 
total radiated energy of about 1.5 x 10° erg. 
However, a large fraction of the total energy 
emitted by the transient can be expected to be 
scattered, absorbed, and reradiated at substan- 
tially longer IR wavelengths by the dusty torus. 
We estimate that the fraction of energy that 
heated the polar dust was in the range of 23 to 
78% (7). Thus, the total radiated energy of Arp 
299-B ATI was (1.9 to 6.5) x 10™ erg, which re- 
quires a disruption of a star with a mass of 
about 1.9 to 6.5 solar masses (MV), assuming a 
standard accreted fraction and radiative effi- 
ciency (7). Stars in this mass range can be dis- 
rupted by the ~2 x 10’M. SMBH in Arp 299-B1 
(10, 25). The kinetic energy of the jet is expected 
to be about 1% of the total rest mass energy (6), 
which agrees well with our estimated kinetic 
energy for the radio jet of Arp 299-B AT1 (7). 

In addition to Arp 299-B ATI, the only other 
TDE candidates (although with debated nature) 
to have an observed radiated energy on the order 
of 10°” erg are ASASSN-15lh (26, 27) and possibly 
transients similar to PS1-10adi (28). The high 
energy of ASASSN-15lh was originally proposed 
to be the result of an energetic SN (26), but was 
later explained as a tidal disruption by a high 
mass (7.6 x 10°Mo), rapidly rotating black hole 
(27). In the case of PS1-10adi, the large radiated 
energy was proposed to arise from the interac- 
tion of either an expanding TDE, or SN ejecta, 
with the dense medium in the nuclear environ- 
ment (28). Arp 299-B AT1 was most plausibly 
the result of the disruption of a star more 
massive than about 2M in a very dense medium. 
The soft x-ray photons produced by the event 
were efficiently reprocessed into UV and optical 
photons by the dense gas, and further to IR 
wavelengths by dust in the nuclear environment. 
Efficient reprocessing of the energy might thus 
resolve the outstanding problem of observed 
luminosities of optically detected TDEs being 
generally lower than predicted (29). 

The case of Arp 299-B AT1 suggests that re- 
cently formed massive stars are being accreted 
onto the SMBH in such environments, resulting 
in TDEs injecting large amounts of energy into 
their surroundings. However, events similar to 
Arp 299-B AT1 may remain hidden within dusty 
and dense environments, and would not be de- 
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tectable by optical, UV, or soft x-ray observa- 
tions. The recent discovery of another TDE 
candidate in the nucleus of the luminous in- 
frared galaxy IRAS F01004-2237 (30) yields fur- 
ther support for an enhanced rate of TDEs in 
such galaxies, which could be missed as a result 
of dust extinction. Such TDEs from relatively 
massive, newly formed stars might provide a 
large radiative feedback, especially at higher 
redshifts where galaxy mergers and LIRGs are 
more common (3]). 
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OPTICAL SEISMOLOGY 


Ultrastable laser interferometry for 
earthquake detection with terrestrial 
and submarine cables 


Giuseppe Marra", Cecilia Clivati”, Richard Luckett?, Anna Tampellini”*, 
Jochen Kronjiger’, Louise Wright’, Alberto Mura”, Filippo Levi”, Stephen Robinson’, 
André Xuereb’, Brian Baptie®, Davide Calonico” 


Detecting ocean-floor seismic activity is crucial for our understanding of the interior 
structure and dynamic behavior of Earth. However, 70% of the planet’s surface is covered 
by water, and seismometer coverage is limited to a handful of permanent ocean bottom 
stations. We show that existing telecommunication optical fiber cables can detect seismic 
events when combined with state-of-the-art frequency metrology techniques by using the 
fiber itself as the sensing element. We detected earthquakes over terrestrial and submarine 
links with lengths ranging from 75 to 535 kilometers and a geographical distance from the 
earthquake’s epicenter ranging from 25 to 18,500 kilometers. Implementing a global seismic 
network for real-time detection of underwater earthquakes requires applying the proposed 
technique to the existing extensive submarine optical fiber network. 


Ithough 70% of Earth’s surface is covered 

with water, almost all seismic stations are 

on land. Underwater earthquakes of small 

intensity [moment magnitude (M,,) < 4] 

remain largely undetected because they 
are too weak to be measured with land-based 
seismic networks. This limits our ability to iden- 
tify the source mechanisms of underwater seismic 
events and our understanding of the internal 
structure of Earth. 

Underwater seismic sensors, such as ocean 
bottom seismometers (OBSs), have been widely 
used to study the physics of Earth (2), from 
earthquake dynamics to changes in volcanic 
structure (2), magma generation, and mid-ocean 
ridge development (3). These devices are deployed 
over geographically limited areas for temporary 
surveys, with data retrieved at the end of the 
campaign (4-6). Japan, the United States, and 
Canada have installed permanent arrays of OBSs 
close to earthquake-prone areas for research pur- 
poses and as tsunami alert systems (7-10). How- 
ever, a permanent array of wired OBSs large 
enough to cover Earth’s waters would be extreme- 
ly expensive to install. Several more affordable 
solutions have been proposed (11, 12), including 
potentially adding sensors in future submarine 
telecommunication repeaters (13). However, the 
existing submarine telecommunication network 
itself is a very attractive option for a global, real- 
time seismic network if the fiber itself is used as 
the sensing element. Such a fiber-based network 
should complement existing land-based seismom- 
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eter and OBS networks, extending the coverage 
of underwater earthquake monitoring. 
Submarine optical fiber cables are the backbone 
of international and intercontinental telecommu- 
nication. Since the first installations in the 1990s, 
the number of links has increased exponentially 
because of growth in the internet and mobile 
services. The current total length of submarine 
fiber cables is over 1 million km. In 2016 alone, 
~100,000 km of cable were added to the existing 
network, and another 200,000 km are planned 
by mid-2018 (Fig. 1A) (74). Optical fibers can detect 
seismic events over kilometer-scale links by using 
distributed acoustic sensing techniques (DASs) 
(15, 16). These techniques were developed by the 
oil and gas industry, for which they are currently 
primarily in use. DAS systems use back-scatter of 
the injected optical signal to extract information 
about local perturbations along the fiber. Because 
of the nonzero optical losses of the fiber, the 
signal-to-noise ratio of the returned signal de- 
creases with the travel distance, currently limit- 
ing the usable range of this technology to <100 km. 
The feasibility of extending the DAS range to 
thousands of kilometers by using optical am- 
plifiers along the link is yet to be demonstrated. 
Frequency metrology interferometric techniques 
can overcome the limitations of DASs. These 
techniques were initially developed by national 
metrology institutes (NMIs) for the comparison 
of next-generation atomic clocks. Metrological 
optical links up to 2200 km long already connect 
some of the largest NMIs in Europe, and network 
expansion is underway (77-20). Fiber links are 
usually installed in underground utility ducts, 
such as power or gas lines, or along motorways 
and are thus exposed to environmental noise. 
The induced noise is detrimental to atomic clock 
comparisons and suppressed by using active can- 
cellation techniques (27). However, we can exploit 
the sensitivity to environmentally induced pertur- 
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bations to detect seismic waves, vibration, and 
any other sources of acoustic noise. With these in- 
terferometric techniques, we can measure changes 
as small as a few femtoseconds in the propaga- 
tion delay experienced by the laser light traveling 
in the fiber. This corresponds to micrometer-scale 
length changes that can be measured over lengths 
of fiber up to several thousands of kilometers. We 
achieve this level of sensitivity in just 1 s of mea- 
surement time using a laser stabilized to state- 
of-the-art Fabry-Pérot cavities made of ultralow 
expansion (ULE) glass (Corning) (22). Metrology- 
grade lasers generate phase-stable light over the 
entire propagation time through the fiber, which 
ensures that propagation time changes are at- 
tributed exclusively to the fiber. 

Our experiments used light from a ULE cavity- 
stabilized laser that we injected at one end of a 
standard terrestrial or submarine optical link 
that consists of a fiber pair, one fiber used for 
each direction of propagation (Fig. 1B). The two 
fibers are connected at the far end of the optical 
link to form a loop so that the light returns to the 
transmitter after a round trip. We combined the 
injected and returned optical signals on a photo- 
detector and measured their phase difference. 
The seismically induced phase changes of the 
returned optical signal detect local and remote 
earthquakes. 

On 24 August 2016, an earthquake of M,, 6.0 
struck in central Italy, followed by two more 
events on 26 and 30 October of M,, 5.9 and 6.5 
respectively (23). These events were detected at the 
National Physical Laboratory (NPL) in Teddington, 
United Kingdom, while running frequency me- 
trology experiments on an optical fiber link not 
intentionally designed to detect seismic waves. 
This 79-km-long fiber link (UK-L1) connects NPL 
in Teddington to a data center in the nearby town 
of Reading and is located at a geographical dis- 
tance of ~1400 km from the epicenter of the 
central Italy earthquake. The phase fluctuations 
induced by the seismic event on the laser light 
propagating in the fiber link for the 30 October 
event are shown in Fig. 2A and compared with 
data from a seismic station (Swindon, GB.SWNI1) 
located ~100 km away from the NPL end of the 
fiber link. The low sampling rate (one sample per 
second) prevented us from constraining the mag- 
nitude of the primary wave (P wave) that has a 
frequency spectrum extending to a few Hz. We 
detected several other teleseismic events with 
independently determined magnitudes of M,, 
5.9 to 7.9 with epicenters in New Zealand, Japan, 
and Mexico. We achieved a higher signal-to-noise 
ratio on another 75-km-long optical link (UK-L2) 
in southeast England in late 2017. This link runs 
almost entirely in nonmetropolitan areas, which 
resulted in lower environmentally induced noise 
levels as compared with that of UK-L1. At the 
same time, the Istituto Nazionale di Ricerca 
Metrologica (INRiM) in Turin, Italy, established 
a 535-km link (IT-L1) between Turin and Medicina 
near the town of Bologna. The optical phase 
sampling rate for UK-L2 and IT-L1 was 100 sam- 
ples per second. On 12 November 2017, we detected 
the M,, 7.3 earthquake on the Iran-Iraq border 
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with both UK-L2 and IT-L1 links (Fig. 2B). We 
determined the arrival times for the P and S waves 
using the UK-L2 link, which were consistent with 
the first arrivals identified by using the nearby 
seismic station at Herstmonceux (GB.HMNX). 
Periodic environmental perturbations in the IT- 
L1 link made it difficult to resolve the P wave, but 
the following seismic perturbations were clearly 
visible. 

The detection sensitivity of a terrestrial optical 
fiber link, like for seismometers, is primarily 
limited by surrounding man-made noise in the 
frequency range of interest for earthquake detec- 
tion (0.1 to 20 Hz). We expected substantially 
lower background noise per unit length over 
submarine optical links. We conducted metrol- 
ogy experiments with an ultrastable laser source 
on a submarine link (IT-L2) in September 2017. 
During a 2-day measurement campaign on the 
96.4-km-long submarine cable between Malta 
and Sicily, we detected a local magnitude (ML) 
3.4 earthquake, with an epicenter 89 km away in 


Submarine cables 
Existing 
Planned 


ULE VMING 
5 Perturbation — Standard 
Fabry-Pérot 5 I 2 S 
cavity detection ‘a fiber pair 


the Malta Sea (Fig. 3A). We measured the optical 
phase perturbation and compared it with the 
displacement recorded by seismometers located 
within a few kilometers of each end of the fiber 
link (MN.WDD, Malta, and IV.HPAC, Sicily) 
(Fig. 3A). We observed a delay of ~2 s between the 
P wave detected by the link and the MN.WDD 
station. This delay is consistent with the travel 
distance between the seismometer and the Malta 
end of the fiber link at a speed of ~5 km/s, which 
we calculated from the delay observed between 
the MN.WDD and IV.HPAC seismograms. We 
clearly identified both P and S waves. We mea- 
sured the root mean square level of environmental 
noise of the IT-L2 submarine link to be 8 and 
5 times lower than the UK-L1 and UK-L2 links, 
respectively, in the frequency range of 0.1 to 
20 Hz. In coastal areas, the ambient noise in this 
frequency range arises primarily from commer- 
cial shipping and local wind-sea, wave-wave, and 
wave-shore interactions. We expect a quieter en- 
vironment for cables resting on the ocean floor 


in much deeper waters than the shallow depth 
(200 m) of the busy Malta-Sicily channel, allow- 
ing the detection of low-magnitude earthquakes 
on substantially longer links than IT-L2 (24). 
Submarine cables cross several seismically active 
areas, such as the North and Mid-Atlantic ridge 
and the South American Plate, North American 
Plate, and African Plate triple junction. Seismic 
monitoring of all these areas relies almost en- 
tirely on land-based seismic stations. Earthquakes 
of magnitude lower than 4 are largely undetected 
because they are too weak by the time they reach 
seismometers on the nearest island or mainland. 
Such earthquakes typically are detected only up 
to a few hundred kilometers from the epicenter 
and would affect a relatively small fraction of 
the submarine fiber links. A similar scenario, 
on asmaller scale, occurred for detection of the 
M,, 4.4 Parma, Italy, earthquake on the IT-L1 
link in November 2017 that was also detected 
with nearby seismometers (Fig. 3B). Here, the 
epicenter was 25 km away from the nearest 


rr 
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Fig. 1. Submarine telecommunication infrastructure and earthquake 
detection experimental setup. (A) Shown is an illustration of the existing 
and planned submarine telecommunication infrastructure. Optical frequency 
metrology techniques enable these fiber links to be used for the detection 
of earthquakes at the bottom of seas and oceans. [Map data are copyright 
of OpenStreetMap contributors; cable data are from TeleGeography's 
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Telecom Resources licensed under Creative Commons ShareAlike.] 

(B) Illustration of the optical setup used in our experiments for measuring 
the seismically induced perturbation of the optical signal traveling in the 
fiber. The same principle was used for terrestrial and submarine fiber links 
(only the latter case is illustrated in the figure). ULE, ultralow expansion 
glass used to stabilize the laser frequency. 
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Fig. 2. Teleseismic events 
on terrestrial optical 
links. (A) Comparison 
between the seismically 
induced optical phase 
changes detected on the 
UK-L1 link and the signal 
from a seismometer in 
Swindon (GB.SWN1) for 

the central Italy earthquake 
on 30 October 2016. 

(B) Comparison between 
the phase changes detected 
on the IT-L1 and UK-L2 

link with the signals 

from seismometers in 
Monterenzio (MN.MTRZ) and 
Herstmonceux (GB.HMNX) 
for the lran-lraq border earth- 
quake on 12 November 2017. 
The north-south component 
has been used for all seismic 
station data. 


Fig. 3. Small-magnitude 
earthquakes on 
submarine and terrestrial 
links. (A) Seismic wave 
detected on the submarine 
IT-L2 link for the Malta 
Sea earthquake on 

2 September 2017 com- 
pared with signals from 
seismometers located 
within a few kilometers of 
each end of the link. High 
pass filtering at 1.5 Hz 

has been applied to the 
optical signal so as to 
suppress a strong environ- 
mentally induced 1 Hz 
component that was pres- 
ent on the optical signal. 
The same filter has been 
applied on the signals from 
seismic stations. (B) Com- 
parison between the phase 
changes detected on IT-L1 
link and seismometers 
located close to four 
intermediate points along 
the link for the Parma earth- 
quake on 19 November 2017. 
The north-south component 
has been used for all seismic 
station data. 
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section of the 535-km-long fiber link. We identified 
the time of arrival of the detected seismic wave, 
which corresponded to the smallest distance be- 
tween the epicenter and the fiber link. This also 
leads to the highest amplitude of the detected 
signal, as confirmed with the seismometer traces. 

We can determine the point at which the 
seismic wave reaches a fiber link by transmitting 
the laser light in both directions in a standard 
telecommunication fiber pair (Fig. 4A). We can 
measure the distance traveled along the fiber by 
cross-correlating the seismic signals recorded at 
each end of the link with a high-speed phase 
sampler. We used this technique in the labora- 
tory to demonstrate proof of concept, in which 
we were able to identify the location of an envi- 
ronmental perturbation to within 1 km over 
101 km of spooled fiber (24). The use of two fiber 
links, following different paths, allows the deter- 
mination of the epicenter (Fig. 4B). The exact 
route of each fiber, required to calculate the epi- 
center, is normally known to within 1 km. Two 
line sensors (the links) eliminate the need for a 
third node to triangulate, as traditional seismol- 
ogy requires. Additional links improve the epi- 
center location accuracy and enable depth to be 
determined. 

In contrast to seismometers, optical fibers are 
sensitive to seismic perturbations over their 
entire length rather than at a single point in 
space. The detected signal will be the result of 
integration of these perturbations. However, 
for earthquakes whose epicenter is at a distance 
shorter than the length of the link (as it would be 
in the case of small local earthquakes detected 
with transoceanic links), sections of the fiber far 
from the first point of contact of the seismic wave 
with the link will contribute only to a small de- 
gree to the detected signal, owing to the attenua- 
tion of the seismic wave with distance (this can 
be inferred, for example, from the seismometer 
traces in Fig. 3B for the Parma earthquake). The 
arrival time of the P wave, one of the most im- 
portant parameters for earthquake characteri- 
zation, is not affected by the distributed nature 
of the detection because only a small section 
of the link is perturbed upon its arrival. Also un- 
like seismometers, the signal detected by using 
optical fiber links is the result of the super- 
imposition of perturbations along the three 
components of motion. Although the resulting 
signal from the distributed detection with optical 
fiber might require different analysis than that 
performed on seismometer data, crucial informa- 
tion can still be extracted and can prove invaluable 
from locations where no data can currently be 
obtained otherwise. 

We used several optical fiber installations to 
detect local earthquakes and teleseisms and 
present a strategy for using the existing sub- 
marine telecommunications optical fiber infra- 
structure. Using existing cables should provide a 
cost-effective complement to ocean-bottom seis- 
mometers and further advance our understand- 
ing of the dynamic behavior of Earth’s interior. 
The phase stability of metrology-grade lasers is 
sufficient to enable coherent measurements over 
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Fig. 4. Seismic event localization techniques. 
light in the fiber (~2 x 10° m/s), seismically ind 
two ends of a bidirectional fiber link at different 
the seismic wave first reaches it can be determ 


(A) Because of the finite propagation speed of the 
uced optical phase perturbations will reach the 
times. The location on the optical fiber link at which 
ined by calculating the delay difference by cross- 


correlating the received signals. Earthquakes located on either side of the link and along the axis 


perpendicular to the link will result in the same i 
the location ambiguity can be resolved. (B) Loca 


dentified location along the fiber. By using two links, 
lization of the epicenter by using two bidirectional 


fiber links. Simple geometry allows the coordinates of the epicenter to be found from the location of 
the point of first contact of the seismic wave along the fiber. TX, ultra-stable laser injecting light 

into the fiber; RX, optical detection and phase comparison unit. This unit measures the optical phase 
difference between the light generated by the local TX laser and that transmitted through the fiber 


link by the remote TX laser. 


fiber lengths well beyond 10,000 km, enabling 
measurement with transoceanic links. Fiber 
optic earthquake detection may be the preferred 
option for more remote areas such as the Arctic 
sea (25). We anticipate that submarine fiber 
networks could also be used for applications 
beyond seismic monitoring, from marine mam- 
mal migration tracking (26) to sea noise pollu- 
tion monitoring, a growing matter of concern 
worldwide for its impact on marine life (27, 28). 
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MARTIAN GEOLOGY 


Radar evidence of subglacial 
liquid water on Mars 


R. Orosei’*, S. E. Lauro”, E. Pettinelli”, A. Cicchetti®, M. Coradini*, B. Cosciotti”, 
F. Di Paolo’, E. Flamini*, E. Mattei, M. Pajola’, F. Soldovieri®, M. Cartacci’®, 
F. Cassenti’, A. Frigeri®, S. Giuppi®, R. Martufi’, A. Masdea®, G. Mitri®, C. Nenna’®, 


R. Noschese*, M. Restano™, R. Seu’ 


The presence of liquid water at the base of the martian polar caps has long been suspected 
but not observed. We surveyed the Planum Australe region using the MARSIS (Mars Advanced 
Radar for Subsurface and lonosphere Sounding) instrument, a low-frequency radar on the 
Mars Express spacecraft. Radar profiles collected between May 2012 and December 2015 
contain evidence of liquid water trapped below the ice of the South Polar Layered Deposits. 
Anomalously bright subsurface reflections are evident within a well-defined, 20-kilometer- 
wide zone centered at 193°E, 81°S, which is surrounded by much less reflective areas. 
Quantitative analysis of the radar signals shows that this bright feature has high relative 
dielectric permittivity (>15), matching that of water-bearing materials. We interpret this 
feature as a stable body of liquid water on Mars. 


he presence of liquid water at the base of 

the martian polar caps was first hypothe- 

sized more than 30 years ago (7) and has 

been inconclusively debated ever since. 

Radio echo sounding (RES) is a suitable 
technique to resolve this dispute, because low- 
frequency radars have been used extensively and 
successfully to detect liquid water at the bottom 
of terrestrial polar ice sheets. An interface be- 
tween ice and water, or alternatively between ice 
and water-saturated sediments, produces bright 
radar reflections (2, 3). The Mars Advanced Radar 
for Subsurface and Ionosphere Sounding (MARSIS) 
instrument on the Mars Express spacecraft (4) is 
used to perform RES experiments (5). MARSIS 
has surveyed the martian subsurface for more 
than 12 years in search of evidence of liquid water 
(6). Strong basal echoes have been reported in 
an area close to the thickest part of the South 
Polar Layered Deposits (SPLD), Mars’ southern 
ice cap (7). These features were interpreted 
as due to the propagation of the radar signals 
through a very cold layer of pure water ice having 
negligible attenuation (7). Anomalously bright 
reflections were subsequently detected in other 
areas of the SPLD (8). 

On Earth, the interpretation of radar data 
collected above the polar ice sheets is usually 
based on the combination of qualitative (the 
morphology of the bedrock) and quantitative 
(the reflected radar peak power) analyses (3, 9). 
The MARSIS design, particularly the very large 
footprint (~3 to 5 km), does not provide high 
spatial resolution, strongly limiting its ability to 
discriminate the presence of subglacial water 
bodies from the shape of the basal topography 
(10). Therefore, an unambiguous detection of 
liquid water at the base of the polar deposit re- 
quires a quantitative estimation of the relative 
dielectric permittivity (hereafter, permittivity) of 
the basal material, which determines the radar 
echo strength. 
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Between 29 May 2012 and 27 December 2015, 
MARSIS surveyed a 200-km-wide area of Planum 
Australe, centered at 193°E, 81°S (Fig. 1), which 
roughly corresponds to a previous study area (8). 
This area does not exhibit any peculiar character- 
istics, either in topographic data from the Mars 
Orbiter Laser Altimeter (MOLA) (Fig. 1A) (11, 12) 
or in the available orbital imagery (Fig. 1B) (73). 
It is topographically flat, composed of water ice 
with 10 to 20% admixed dust (14, 15), and sea- 
sonally covered by a very thin layer of CO, ice 
that does not exceed 1 m in thickness (6, 17). In 
the same location, higher-frequency radar obser- 
vations performed by the Shallow Radar instru- 
ment on the Mars Reconnaissance Orbiter (18) 
revealed barely any internal layering in the SPLD 
and did not detect any basal echo (fig. S1), in marked 
contrast with findings for the North Polar Layer 
Deposits and other regions of the SPLD (29). 

A total of 29 radar profiles were acquired using 
the onboard unprocessed data mode (5) by trans- 
mitting closely spaced radio pulses centered at 
either 3 and 4 MHz or 4 and 5 MHz (table S1). 
Observations were performed when the space- 
craft was on the night side of Mars to minimize 
ionospheric dispersion of the signal. Figure 2A 
shows an example of a MARSIS radargram 
collected in the area, where the sharp surface 
reflection is followed by several secondary 
reflections produced by the interfaces between 
layers within the SPLD. The last of these echoes 
represents the reflection between the ice-rich 
SPLD and the underlying material (hereafter, 
basal material). In most of the investigated area, 
the basal reflection is weak and diffuse, but in 
some locations, it is very sharp and has a greater 
intensity (bright reflections) than the surround- 
ing areas and the surface (Fig. 2B). Where the 
observations from multiple orbits overlap, the 
data acquired at the same frequency have con- 
sistent values of both surface and subsurface 
echo power (fig. S2). 
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The two-way pulse travel time between the 
surface and basal echoes can be used to estimate 
the depth of the subsurface reflector and map the 
basal topography. Assuming an average signal 
velocity of 170 m/us within the SPLD, close to 
that of water ice (20), the depth of the basal 
reflector is about 1.5 km below the surface. The 
large size of the MARSIS footprint and the dif- 
fuse nature of basal echoes outside the bright 
reflectors prevent a detailed reconstruction of 
the basal topography, but a regional slope from 
west to east is recognizable (Fig. 3A). The sub- 
surface area where the bright reflections are 
concentrated is topographically flat and sur- 
rounded by higher ground, except on its eastern 
side, where there is a depression. 

The permittivity, which provides constraints 
on the composition of the basal material, can 
in principle be retrieved from the power of the 
reflected signal at the base of the SPLD. Un- 
fortunately, the radiated power of the MARSIS 
antenna is unknown because it could not be 
calibrated on the ground (owing to the instru- 
ment’s large dimensions), and thus the intensity 
of the reflected echoes can only be considered 
in terms of relative quantities. It is common to 
normalize the intensity of the subsurface echo 
to the surface value (27)—i.e., to compute the 
ratio between basal and surface echo power. 
Such a procedure has the advantage of also 
compensating for any ionospheric attenua- 
tion of the signal. Following this approach, 
we normalized the subsurface echo power to 
the median of the surface power computed 
along each orbit; we found that all normal- 
ized profiles at a given frequency yield con- 
sistent values of the basal echo power (fig. $3). 
Figure 3B shows a regional map of basal echo 
power after normalization; bright reflections 
are localized around 193°, 81°S in all intersect- 
ing orbits, outlining a well-defined, 20-km-wide 
subsurface anomaly. 

To compute the basal permittivity, we also 
require information about the dielectric prop- 
erties of the SPLD, which depend on the com- 
position and temperature of the deposits. 
Because the exact ratio between water ice and 
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Fig. 1. Maps of the investigated area. (A) Shaded relief map of 
Planum Australe, Mars, south of 75°S latitude. The map was produced 


using the MOLA topographic dataset (11). The bla 
study area. (B) Mosaic produced using infrared o 


THEMIS (Thermal Emission Imaging System) camera (13), corresponding 


dust is unknown (15), and because the thermal 
gradient between the surface and the base of 
the SPLD is poorly constrained (22), we explored 
the range of plausible values for such parameters 
and computed the corresponding range of per- 
mittivity values. The following general assump- 
tions were made: (i) The SPLD is composed of a 
mixture of water ice and dust in varying pro- 
portions (from 2 to 20%), and (ii) the temperature 
profile inside the SPLD is linear, starting from 
a fixed temperature at the surface (160 K) and 
rising to a variable temperature at the base of 
the SPLD (range, 170 to 270 K). Various electro- 
magnetic scenarios were computed (5) by con- 
sidering a plane wave impinging normally onto a 
structure with three layers: a semi-infinite layer 
with the permittivity of free space, a homoge- 
neous layer representing the SPLD, and another 
semi-infinite layer representing the material be- 
neath the SPLD, with variable permittivity values. 
The output of this computation is an envelope 
encompassing a family of curves that relate the 
normalized basal echo power to the permittivity 
of the basal material (Fig. 4A). This envelope is 
used to determine the distribution of the basal 
permittivity (inside and outside the bright area) 
by weighting each admissible value of the per- 
mittivity with the values of the probability dis- 
tribution of the normalized basal echo power 
(Fig. 4B). This procedure generated two dis- 
tinct distributions of the basal permittivity esti- 
mated inside and outside the bright reflection 
area (Fig. 4C and fig. S4), whose median values 
at 3, 4, and 5 MHz are 30 + 3, 33 + 1, and 22 + land 
9.9 + 0.5, 7.5 + 0.1, and 6.7 + 0.1, respectively. 
The basal permittivity outside the bright area is 
in the range of 4 to 15, typical for dry terrestrial 
volcanic rocks. It is also in agreement with pre- 
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vious estimates of 7.5 to 8.5 for the material at 
the base of the SPLD (23) and with values derived 
from radar surface echo power for dense dry 
igneous rocks on the martian surface at mid- 
latitudes (24, 25). Conversely, permittivity values 
as high as those found within the bright area 
have not previously been observed on Mars. On 
Earth, values greater than 15 are seldom as- 
sociated with dry materials (26). RES data col- 
lected in Antarctica (27) and Greenland (9) show 
that a permittivity larger than 15 is indicative 
of the presence of liquid water below polar de- 
posits. On the basis of the evident analogy of 
the physical phenomena on Earth and Mars, we 
can infer that the high permittivity values re- 
trieved for the bright area below the SPLD are 
due to (partially) water-saturated materials and/ 
or layers of liquid water. 

We examined other possible explanations for 
the bright area below the SPLD (supplementary 
text). For example, a COs, ice layer at the top or 
the bottom of the SPLD, or a very low temper- 
ature of the H,O ice throughout the SPLD, could 
enhance basal echo power compared with sur- 
face reflections. We reject these explanations 
(supplementary text), either because of the very 
specific and unlikely physical conditions required, 
or because they do not cause sufficiently strong 
basal reflections (figs. S5 and S6). Although the 
pressure and the temperature at the base of the 
SPLD would be compatible with the presence of 
liquid CO,, its relative dielectric permittivity is 
much lower (about 1.6) (28) than that of liquid 
water (about 80), so it does not produce bright 
reflections. 

The substantial amounts of magnesium, cal- 
cium, and sodium perchlorate in the soil of the 
northern plains of Mars, discovered using the 
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to the black square in (A). South is up in the image. The red line marks the 
ground track of orbit 10737, corresponding to the radargram shown 

in Fig. 2A. The area consists mostly of featureless plains, except for a few 
large asymmetric polar scarps near the bottom right of (B), which 
suggest an outward sliding of the polar deposits (34). 


Phoenix lander’s Wet Chemistry Lab (29), support 
the presence of liquid water at the base of the 
polar deposits. Perchlorates can form through 
different physical and/or chemical mechanisms 
(30, 31) and have been detected in different areas 
of Mars. It is therefore reasonable to assume that 
they are also present at the base of the SPLD. 
Because the temperature at the base of the polar 
deposits is estimated to be around 205 K (32), 
and because perchlorates strongly suppress the 
freezing point of water (to a minimum of 204 
and 198 K for magnesium and calcium perchlo- 
rates, respectively) (29), we therefore find it 
plausible that a layer of perchlorate brine could 
be present at the base of the polar deposits. The 
brine could be mixed with basal soils to form a 
sludge or could lie on top of the basal material 
to form localized brine pools (32). 

The lack of previous radar detections of sub- 
glacial liquid water has been used to support the 
hypothesis that the polar caps are too thin for 
basal melting and has led some authors to state 
that liquid water may be located deeper than 
previously thought [e.g., (33)]. The MARSIS data 
show that liquid water can be stable below the 
SPLD at relatively shallow depths (about 1.5 km), 
thus constraining models of Mars’ hydrosphere. 
The limited raw-data coverage of the SPLD (a 
few percent of the area of Planum Australe) and 
the large size required for a meltwater patch to 
be detectable by MARSIS (several kilometers in 
diameter and several tens of centimeters in 
thickness) limit the possibility of identifying 
small bodies of liquid water or the existence of 
any hydraulic connection between them. Be- 
cause of this, there is no reason to conclude 
that the presence of subsurface water on Mars 
is limited to a single location. 
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Fig. 2. Radar data collected by MARSIS. (A) Radargram for MARSIS reflector at about 160 us corresponds to the SPLD/basal material interface. 
orbit 10737, whose ground track is shown in Fig. 1B. A radargram is a bi- Strong basal reflections can be seen at some locations, where the basal 
dimensional color-coded section made of a sequence of echoes in which the _ interface is also planar and parallel to the surface. (B) Plot of surface and 
horizontal axis is the distance along the ground track of the spacecraft, basal echo power for the radargram in (A). Red dots, surface echo power; 
the vertical axis represents the two-way travel time of the echo (from a blue dots, subsurface echo power. The horizontal scale is along-track 
reference altitude of 25 km above the reference datum), and brightness isa __ distance, as in (A), and the vertical scale is uncalibrated power in decibels. 
function of echo power. The continuous bright line in the topmost part of The basal echo between 45 and 65 km along-track is stronger than the 
the radargram is the echo from the surface interface, whereas the bottom surface echo even after attenuation within the SPLD. 
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Fig. 4. Results of the simulation and retrieved permittivities. 

(A) Output of the electromagnetic simulations computed at 4 MHz 

(figs. S4 and S6). The blue shaded area is the envelope of all curves 
incorporating different amounts of H20 ice and dust along with various basal 
temperatures for the SPLD. The blue line is the curve for a single model 
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Giant polarization in super-tetragonal 
thin films through interphase strain 


Linxing Zhang’, Jun Chen’?*, Longlong Fan’, Oswaldo Diéguez’, Jiangli Cao*, 
Zhao Pan’, Yilin Wang", Jinguo Wang’, Moon Kim’, Shiqing Deng®, Jiaou Wang’, 
Huanhua Wang’, Jinxia Deng’, Ranbo Yu’, James F. Scott®, Xianran Xing’?* 


Strain engineering has emerged as a powerful tool to enhance the performance of known 
functional materials. Here we demonstrate a general and practical method to obtain super- 
tetragonality and giant polarization using interphase strain. We use this method to create 
an out-of-plane—to—in-plane lattice parameter ratio of 1.238 in epitaxial composite thin 
films of tetragonal lead titanate (PbTiO3), compared to 1.065 in bulk. These thin films with 
super-tetragonal structure possess a giant remanent polarization, 236.3 microcoulombs 
per square centimeter, which is almost twice the value of known ferroelectrics. The super- 
tetragonal phase is stable up to 725°C, compared to the bulk transition temperature of 
490°C. The interphase-strain approach could enhance the physical properties of other 


functional materials. 


ontrolling strain can enhance the proper- 

ties of multifunctional materials, such as 

magnetoresistance, superconductivity, fer- 

roelectricity, and antiferromagnetism (1-4). 

Among strained ferroelectrics (5-8), perov- 
skite oxides with giant tetragonality (c/a) have a 
large value of polarization and a high Curie tem- 
perature (7c) as a consequence of their large 
dipolar moment (4, 9-12). However, these com- 
pounds are rare and generally require extreme 
synthesis conditions. One example of such an 
approach is applying high compressive pressure 
with diamond anvil cells (1, 12), such as for 
PbVOz and BiCoOs3. Another approach, based 
on using a particular biaxial strain imposed by 
lattice-mismatched substrates on films, has been 
successfully applied in many cases (J, 10, 13, 14). 
It is also possible to use isotropic strain to af- 
fect the structure and properties of materials 
(11, 12, 15-18). In particular, it has been shown 
that isotropic tensile strain (negative pressure) 
theoretically increases tetragonality and polar- 
ization of perovskite oxides, such as BaTiO; and 
PbTiO; (fig. S1) (15). Experimentally, negative 
pressure in PbTiO; nanowires was achieved by 
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taking advantage of the phase transformation- 
induced stress, resulting in enhanced physical 
properties (17, 18). However, engineering such 
high negative pressure in experiments is challeng- 
ing; a simpler practical approach is therefore 
desired, especially for epitaxial films. 

Here we investigate such a concept, termed 
“interphase strain.” To introduce a large strain, 
two materials with similar crystal structures, but 
different lattice parameters, are grown in a single 
epitaxial composite such that, on the boundaries 
between them, their lattice parameters are 
matched. This is different from the conventional 
composite, in which different phases have their 
own lattice parameters. In this way, an isotropic 
tensile or compression strain can be introduced 
into the material that originally had the smaller 
or larger lattice parameters, respectively; we call 
this interphase strain. Here the concept of inter- 
phase strain has been implemented to induce a 
negative pressure in PbTiO; epitaxial composite 
ferroelectric thin films via PbO. This results in 
the enhancement of the polarization and out-of- 
plane-to-in-plane lattice parameter (c/a) ratio 
and the highest stable temperature (Tape) of the 
super-tetragonal phase in the PbTiO, film. 

The epitaxial composite films were grown on 
SrTiO; (STO) substrates by using a simple radio- 
frequency magnetron sputtering. The atomic dep- 
osition rate can be controlled by the oxygen ratio 
of the deposition environment, as discussed below. 
The samples of PbTiO; composite films were pre- 
pared without oxygen and with 9% oxygen, refer- 
enced as PT (I) and PT (II), respectively. If either 
of the PT (1) or PT (II) samples is annealed above 
725°C, then a new atomic structure is obtained, 
classified as PT (III). Figure 1A highlights a small 
region (17° to 24°) of the general x-ray diffraction 
(XRD) patterns, demonstrating the apparent change 
in the ¢ lattice parameters of PT (1), PT (ID, and 
PT (II]). In these and the results of high-resolution 
XRD patterns covering a large angle region (15° to 
75°) (fig. S2A), only diffraction peaks from the 
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directions of (100) STO substrate and (001) films 
can be observed. This suggests that all films are 
epitaxial growth. Additional phi scans of both 
(101) and (103) planes of PT (1), which were mea- 
sured along the corresponding lattice plane of the 
substrate, feature a four-axis symmetric structure, 
confirming an in-plane epitaxial relationship with 
the substrate (Fig. 1C). 

The typical epitaxial PbTiO, films [PT (III)] 
reveal the normal ¢ lattice parameter of ~4.08 A 
that is established in the literature (19). By con- 
trast, the primitive PT (II) and PT (1) grown on 
the same STO substrate exhibit strong reflections 
at anomalous values corresponding to the ¢ lattice 
parameters of ~4.408 and ~4.840 A, respectively. 
Subsequent synchrotron-based x-ray reciprocal 
space mappings (RSMs) about the (103) plane of 
the films and substrates (Fig. 1B) verify that the a 
lattice parameter is well matched between the 
substrates and the films, but the c lattice param- 
eters of the films are very different from that of 
the bulk. The position of the c lattice parameter 
of bulk PbTiO;, which is similar to that of the 
normal coherently strained PbTiO, thin films 
[PT (IID], is indicated by the dashed line for 
comparison. Notably, increases in the ¢ lattice 
parameter by 16.5 and 6.1%, as compared to the 
bulk value (20), are observed in PT (1) and PT 
(II), respectively. Furthermore, both ¢ and c/a 
increase with increasing thickness of PT (I) or PT 
(ID (Fig. 1, D and E, and table S1), which indicates 
that the growth strain is weakly controlled by the 
substrate, as discussed in table S1. 

PbTiO; has a tetragonal perovskite structure 
with lattice parameters a = 3.899 A, c = 4.154 A, 
and c/a = 1.065 (Fig. 2A) (20). The precursor PbO, 
which is used to prepare PbTiOs, has a similar 
tetragonal structure, although derived from the 
fluorite structure, but with a large c/a ratio (a = 
3.9729 A, ¢ = 5.0217 A, and c/a = 1.264) (Fig. 2B) 
(21). The perovskite-like periodic configuration can 
be identified in the plate-like PbO, as indicated 
by the red rectangle in Fig. 2B. The similarity in 
structure between the PbTiO, and PbO config- 
urations offers the potential for realizing the 
heteroepitaxial growth with interphase strain. 
Experimentally, to obtain such self-assembled 
heteroepitaxial composite films of the stretched 
PbTiO, with the compressed PbO, the atomic dep- 
osition rate was controlled effectively for their 
different growth kinetics. The Pb-rich composi- 
tion determined by chemical analysis (inductively 
coupled plasma optical emission spectrometry) is 
uniform throughout the films detected by Auger 
electron spectroscopy with depth analysis (Fig. 
2C), except for the higher Pb concentration on 
the surface. This verifies the homogeneous and 
randomly alternate growth of PbTiO; and PbO 
in both PT (1) and PT (II) (fig. S3). The dashed 
circles in Fig. 2D highlight different lattice 
configurations and contrast them with their 
surroundings. The fast Fourier transform (FFT) 
pattern taken from a typical example of the 
regions marked by the dashed circles features a 
tetragonal structure but with an extinction of 
(100) plane. It reveals that these regions are PbO 
(Fig. 2F). However, the other surrounding regions 
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provide a typical FFT pattern for the super- 
tetragonal PbTiO; structure (Fig. 2E). The results 
indicate that the metastable PbO is randomly 
distributed in PbTiO;. The direct evidence for the 
heteroepitaxial structure between PbTiO; and 
PbO in the present PT (1) is provided by the 
spherical aberration-corrected high-angle annu- 
lar dark-field (HAADF) Z-contrast scanning trans- 
mission electron microscope (STEM) image 
(Fig. 2G). The bright, light gray, and dark gray 
contrast spots correspond to Pb (Z = 82, where Z 
is the atomic number), Sr (Z = 38), and Ti (Z = 22) 
columns, respectively, owing to the Z’-dependent 
contrast (6, 22). The intensity profile along the red 
dashed line in Fig. 2H reveals a transition from Ti 
of PbTiO; to Pb of PbO, indicating a good lattice 
matching at the PbTiO./PbO interface (Fig. 21). 
Both PbTiO; and PbO in PT (1) have the same 
c lattice parameter (4.84.0 A) (Figs. 1 and 2G). 
Hence, in the present PT (1) epitaxial thin films, 
PbO suffers a small out-of-plane compression 
strain of 3.6%, whereas a giant tensile strain 
(16.5%) exists in PbTiO; (Fig. 1B). The defect 
dipoles generated in such special environments 
usually cannot produce such giant strains (16). 

Investigations with HAADF-STEM (c/a = 1.224) 
(Fig. 2) underpin the giant c/a ratio of PbTiO, in 
PT (D (c/a = 1.226-1.238, table S1), as determined 
from both macroscopic XRD and synchrotron- 
based RSMs about the (103) plane (Fig. 1). This 
c/a value is much larger than that of bulk (1.065) 
or in any other previously reported results for 
PbTiO3 (77). It is comparable to the c/a value of 
the super-tetragonal phases that appear in the 
biaxial-strained BiFeOs films (1.232) and in those 
perovskite-type compounds synthesized by high- 
pressure and high-temperature methods, such as 
PbVOsz (1.229), and BiCoOs (1.267) (10-12). 

Intriguingly, the c/a ratio can be adjusted by 
controlling the oxygen ratio during the growth of 
thin films. For example, the sample PT (II) was 
prepared with 9% oxygen, which features not 
only a smaller c/a (1.142) but also a lower Pb con- 
centration than that of PT (I) (Fig. 1, table S2, and 
figs. S3 and S4). Therefore, the oxygen ratio affects 
the Pb atomic deposition rate of the PbTiO; epi- 
taxial composite thin films. To grow the present 
super-tetragonal films, an atmosphere with defi- 
cient oxygen is required for fast PbO nucleation. 
The volume fractions of PbTiO; are 100, 80, and 
45.3% for the PT (IID, PT (II), and PT (1) thin 
films, respectively. The amount of PbO in the 
present films determines the c/a ratio, which 
further reveals the role of PbO in interphase 
strain. Unlike studies that introduce biaxial strain, 
the present method of interphase strain has little 
dependence on substrates. Super-tetragonal films 
such as PT (I) can also be successfully obtained on 
other lattice-mismatched substrates, such as in- 
expensive LaAlO, or sapphire, indicating that the 
super-tetragonality is not caused by substrate 
biaxial strain stemming from either Poisson 
or electrostriction effects (see detailed discussion 
in table S1 and figs. S5 and S6). 

To further characterize the interface between 
PbTiO; and PbO, we carried out first-principles 
calculations. To model this system of PT (I), the 
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volume fraction of PbTiO; was set as 50%, which 
is comparable to that of 45.3% in PT (I). Hence, 
we used a number of infinitely extended layers of 
PbTiO; matched to an equal number of infinitely 
extended layers of PbO for four possible sets of 
planes: (100), (110), (101), and (001). For the (100) 
case, we did this for groups that included 3, 5, 
and 7 layers containing Pb; for the (110) and (101) 
cases, 6 and 10 layers (Fig. 3A); and for the (001) 
case, 3 and 5 layers. In all cases, the atomic con- 
figurations were fully relaxed until the forces 
between atoms were below 0.01 eV/A and the 
stresses on the cell were below 0.01 GPa. As 
depicted in Fig. 3B, the calculations of c/a ratio, 
lattice parameters, and displacement of the Ti 
atom (6z7;) with respect to the center of the cage 
of surrounding Pb atoms converged well with 
increasing numbers of layers. For the (100), (110), 
and (101) interfaces, the c/a ratio is around 1.22, 
in excellent agreement with the experimental 
result for PT (1); even for the (001) interface, c/a 
is almost 1.2. 

A giant c/a ratio is normally associated with 
a large polarization in perovskite oxides. The 
polarization hysteresis loops feature a remanent 
polarization (P,) of PT (1) as large as 236.3 .C/em? 
(Fig. 4A and fig. S7). Intriguingly, the present 
polarization of PT (D is higher than for other 
ferroelectrics (Fig. 4B) (10, 23-25). For example, 
it is 1.8 times as large as that of the tetragonal- 


like BiFeO, epitaxial thin films (130 uC/ cm?) and 
3.4 times as large as that of the strained BaTiO; 
thin films (70 wC/em?) (10, 25). It is also much 
larger than the calculated values for the sponta- 
neous polarization of Pb- or Bi-based perovskites 
with large c/a ratios, such as PbVO3 (179 wC/ cm?) 
and BiCoOs (152 wC/em?) (26). The nature of the 
giant polarization can also be directly revealed by 
the large 524;, as displayed in fig. S6 (17, 27). In PT 
(I, the STEM result for the 821; value is 0.474 A, 
almost three times as large as that for bulk 
PbTiO, (0.162 A) (28), which directly reveals the 
crystal-lattice origin of the giant spontaneous 
polarization. Furthermore, the 62; value of first- 
principles calculations is comparable to the one 
found experimentally (Fig. 3B). Hence, there is 
likely a strong electrostatic interaction at the phase 
boundary of the ferroelectric-paraelectric inter- 
faces between PbTiO; and PbO (29), resulting in 
the strong polarization. In the PT (ID thin films, 
a relatively large P, (129.6 C/cm?) was also ob- 
served (fig. S8). P. and c/a are correlated linearly 
(inset of Fig. 4A). The local stability of the ferro- 
electric switching supported by piezoelectric 
measurements of piezoresponse force microscopy 
still needs to be further confirmed (figs. S8 
and S9). 

PbO contributes little to the polarization (figs. 
S10 to S13), the PT (I) thin films show negligible 
leakage current (fig. S14), and the giant polarization 
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Fig. 1. Crystal structure characterization of epitaxial composite films. (A) Out-of-plane XRD of 
(001) peaks of PT (1), PT (Il), and PT (Ill) epitaxial thin films on (100) STO substrates. a.u., arbitrary units. 
(B) Synchrotron-based (103) x-ray RSM study of PT (1), PT (Il), and PT (III) epitaxial thin films about 
the STO (103) diffraction condition. L, crystal index of (OOl); H, crystal index of (hOO). (C) The phi 
scans of both (101) and (103) planes of PT (1), demonstrating a four-axis symmetric structure. , the 
angle at which the sample rotates around its normal line. (D and E) The lattice parameters of c and c/a 
of (D) PT (I) and (E) PT (Il) as a function of film thickness. The data are tabulated in table S1. 
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Fig. 2. Atomic-resolution microstructure of epitaxial composite films. 
(A) Crystalline structure of PbTiO3. (B) Crystalline structure of PbO. The 
red rectangle indicates the perovskite-like periodic configuration. 

(C) Atomic-concentration depth analysis by Auger electron spectroscopy 
of the PT (1) thin films. Sub., substrate. (D) High-resolution transmission 
electron microscopy image along the a axis of the PT (1) thin films. The 
inset displays a low-magnification cross-sectional image. The regions 
indicated by the yellow dashed circles represent PbO. (E) The FFT pattern 
taken from the regions surrounding the yellow dashed circles of (D), 
featuring the PbTiO; structure. The yellow arrow indicates the (100) plane 


of PbTiO3. (F) The FFT pattern taken from a typical example of the regions 
marked by yellow dashed circles of (D), featuring the PbO structure. The 
yellow arrow indicates the extinction of the (100) plane of PbO. (G) HAADF- 
STEM image of the heteroepitaxial interface between PbTiO3 and PbO, as 
viewed along the a axis of the PT (I) thin film. The purple dashed line shows 
the approximate interface of PbTiO3/PbO. The detailed discussion of the 
interface between film and substrate is in fig. S6. (H) Enlarged view of the 
region enclosed by the white rectangle in (G), verifying that PbTiO; and PbO 
have the same lattice parameters. (I) Intensity profile along the red dashed 
line in (H), directly revealing the transition from Ti to Pb. a.u., arbitrary units. 


phenomenon has been observed in many sam- 
ples (fig. S7). The slanted “lozenge-shaped” hys- 
teresis loop would imply incomplete saturation 
(fig. S7E). The optimization of the loops is not 
just a matter of increased voltage; for such a large 
polarization, the switching can be current limited 
by the rise time of the switching pulse, as first 
determined for lead zirconate titanate (30), and 
the switching frequency should also be optimized. 
Some hysteresis loops exhibited several discrete 
steps (fig. S18), suggesting that the slanted loop 
in Fig. 4A is related to the continuous multilevel 
switching in these composites of ferroelectric 
PbTiO; and dielectric PbO. Similar multistep po- 
larization processes can arise from the switching 
of superdomain blocks and were first observed in 
Pb(Zro2Tip.s)O3 (PZT) (31). The switching effect 
is related to the ferroelastic-ferroelectric coupling. 
The observation of a multistep polarization pro- 
cess and the stable shape of the hysteresis loop, 
as a function of temperature or frequency, lend 
evidence to support that the present thin film is 
intrinsically ferroelectric (see detailed discussions 
in the supplementary text and figs. S15 to S18). 
Temperature-dependent XRD was performed 
to determine the super-tetragonal phase stability 
of the present films. As depicted in Fig. 4C, the 
Tstable Of the super-tetragonal phase of PT (1) is 
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up to 725°C, compared with the Tc (490°C) of 
bulk PbTiO; (20). PT (1) exhibits the highest 
temperature for ferroelectric phase in all reported 
PbTiO, studies. According to the Landau-Ginzburg- 
Devonshire theory or Abrahams-Kurtz-Jamieson 
relationship for perovskite oxides (17, 27), if the 
super-tetragonal structure of PT(I) was more 
stable against temperature, the ferroelectric-to- 
paraelectric phase transition (~1000°C) would be 
even higher. The cyclic curves reveal a stable 
super-tetragonal structure for PT (1) if temper- 
atures are increased to 650°C (fig. SI9B). In the 
tetragonal phase, the c lattice parameter of PT (1) 
features a positive thermal expansion similar to 
that of PbO, which indicates that PbO determines 
the thermal expansion of PbTiO, (table S3). How- 
ever, at temperatures higher than 725°C, an ir- 
reversible structural collapse occurs because of 
the PbO extraction and volatility (table S2), in 
which the c lattice parameter collapses from the 
large value of 4.92 A in the PT (1) to the normal 
value of 3.98 A in the PT (IID). At the same time, 
the excess PbO is isolated from the lattice of 
PbTiOg as a second phase (fig. S20). A huge vol- 
ume contraction (19%) occurs at the structure- 
collapse temperature in PT (1). 

To further elucidate the mechanism of the 
giant polarization in PT (1), we have studied its 
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electronic hybridization using x-ray absorption 
spectroscopy (XAS) (fig. S21). On the basis of 
crystal-field theory, the fivefold-degenerated 3d 
level splits into doublet e, and triplet to, levels 
in the octahedral symmetry (32) (fig. S21A). The 
weakened splitting of e, in PT (I) with enhanced 
c/a indicates larger Ti** distortion (off-center 
displacement) (fig. S21C). The linear relation 
between the energy difference between the peaks 
in the Lg e, level (AE) and c/a is similar to that 
between 62; and c/a, resulting in the linear re- 
lation between polarization and c/a shown in the 
inset of Fig. 4A. This further verifies the giant 
polarization of PT (1). Furthermore, both the 
decrease in the energy difference between the two 
main peaks of the Ls; or Ly edges and the lower 
intensity of Lg tog or Lo tog indicate the enhanced 
ionic distortion and the existence of Ti** ions in 
the PT (D thin films. This is in good agreement 
with the O K-edge XAS and XPS (figs. S22 and 
$23). The existence of Ti®?* ions would cause 
additional imperfections in the crystal with in- 
creasing distortions and also enhance the polar- 
ization (fig. S23). 

We conclude by emphasizing the complete 
internal consistency of the data presented here: 
the large saturation and remanent polarizations, 
the STEM- and XAS-measured displacement of 
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Fig. 4. Properties of the PT (I) epitaxial composite films. (A) Polarization PT (1) thin films with the previously experimentally measured P, in films, 
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of c/a. The arrows indicate the counterclockwise direction of testing of PT (I). The position of Tc of bulk PbTiO; is indicated by the dotted 
time in the hysteresis loop. (B) Comparison of polarization of the present line for comparison. 
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Quantification of drought during 
the collapse of the classic 


Maya civilization 


Nicholas P. Evans’*, Thomas K. Bauska’, Fernando Gazquez-Sanchez', Mark Brenner”, 


Jason H. Curtis”, David A. Hodell’ 


The demise of Lowland Classic Maya civilization during the Terminal Classic Period 
(~800 to 1000 CE) is a well-cited example of how past climate may have affected 
ancient societies. Attempts to estimate the magnitude of hydrologic change, however, 
have met with equivocal success because of the qualitative and indirect nature 

of available climate proxy data. We reconstructed the past isotopic composition 
(5180, 5D, 170-excess, and d-excess) of water in Lake Chichancanab, Mexico, using 
a technique that involves isotopic analysis of the structurally bound water in 
sedimentary gypsum, which was deposited under drought conditions. The triple 
oxygen and hydrogen isotope data provide a direct measure of past changes in lake 
hydrology. We modeled the data and conclude that annual precipitation decreased 
between 41 and 54% (with intervals of up to 70% rainfall reduction during peak 
drought conditions) and that relative humidity declined by 2 to 7% compared 


to present-day conditions. 


ore than two decades ago, a sediment 

core from Lake Chichancanab (Yucatan 
Peninsula, Mexico; fig. S1) provided the 

first physical evidence of a temporal cor- 
relation between drought and the socio- 
political transformation of the Classic Maya 
civilization during the Terminal Classic Period 
(TCP) (1). The presence of gypsum horizons and a 
concomitant increase in the oxygen isotope ratio 
(80/!°0) in shells of ostracods and gastropods 
suggested the TCP was among the driest periods 
of the Holocene in northern Yucatan. Paleoclimate 
records produced subsequently provided addi- 
tional evidence for drought during the TCP (2-9), 
but the magnitude of hydro-climate change and 
its influence on Maya agricultural and socio- 
political systems remains controversial (10). The 
qualitative nature of most climate proxy archives, 
combined with dating uncertainties, has pre- 
vented detailed assessment of the relationship 
between past climate and cultural changes (10-12). 
Recent attempts to quantify estimates of past 
changes in rainfall amount and assess the impact 
on ancient Maya agriculture have used isotopes 
of either oxygen (8'°0) (6, 13) or hydrogen (8D) 
(9-11). No study to date has combined the two 
isotope systems, because the materials used for 
analysis (i.e., carbonates and leaf waxes) preclude 
simultaneous measurement of the multiple iso- 
topologs of water. Combined analysis of 8'°O, 
8'”O, and 8D is a powerful method to estimate 
past hydrologic changes quantitatively because 
hydrogen and triple oxygen isotopes each undergo 
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slightly different fractionation during evaporation, 
leading to changes in the derived d-excess [6D - 
(8 x 8'80)] and 'O-excess [In(8"O + 1) - 0.528 
1n(8!8O + 1)] parameters (14-19). In an effec- 
tively closed hydrological basin such as Lake 
Chichancanab, the primary controls on the iso- 
topic fractionation of lake water during evapora- 
tion include the fractional loss of precipitation to 
evaporation (P/E), normalized relative humidity 
(RH,), temperature, and changes in the precip- 
itation source (J-3, 14). The value of d-excess is 
largely dependent on RH, and temperature, 
whereas 'O-excess is controlled mainly by RH, 
(14-19). Because the predicted trends of d-excess 
and 'O-excess in evaporating waters display 
different responses to climate variables, they 
can be evaluated individually using an iterative 
model (20). 

We took advantage of the benefits of using all 
isotopologs of water and their derived parameters 
(d-excess and 'O-excess) by measuring triple 
oxygen and hydrogen isotopes in the hydration 
water of gypsum (CaSO,-2H20) in sediment cores 
from Lake Chichancanab (fig. S2) (3). Today, the 
lake water is near saturation for gypsum; dur- 
ing past periods of drier climate, when the lake 
volume shrank, gypsum precipitated from the 
lake water and was preserved as distinct layers 
within the accumulating sediments (7-3). When 
gypsum forms, water molecules are incorporated 
directly into its crystalline structure, and this 
“gypsum hydration water” (GHW) records the 
isotopic composition of the parent fluid, with 
known isotopic fractionations (14, 17, 21-26). 
Unlike oxygen isotope fractionation during for- 
mation of carbonate minerals (27, 28), fractiona- 
tion during gypsum crystallization is practically 
independent of temperature (24) or biological 
and kinetic (non-equilibrium) effects (77). Addi- 


tionally, isotopes of GHW that are measured in 
the sedimented gypsum inherently record the 
driest periods, offering a distinct advantage over 
other traditional climate archives such as speleo- 
thems or mollusk shells, which may fail to register 
peak drought conditions because of growth 
hiatuses. Absolute differences in 5'°O, 5D, 'O- 
excess, and d-excess values between modern and 
paleo-lake water provide an estimate of differ- 
ences between the lake hydrologic budget during 
the TCP and today (Fig. 1). Results were evaluated 
using a numerical isotope mass balance model 
that must satisfy all isotope variables (20) (fig. 
$3), and thus provides a more robust constraint 
on past hydrology than does modeling 880 or 
dD alone. 

The modern climate around Lake Chichancanab 
is characterized by a mean annual precipitation 
of ~1200 mm, a mean annual surface water tem- 
perature of ~26°C, and a net annual water deficit 
of 300 to 400 mm/year (3, 22). Large changes 
in precipitation and RH, occur between the dry 
season (November to May) and the rainy season 
(June to October) (13, 29). Measured 8"°O and 8D 
of precipitation and groundwater samples from 
the Yucatan Peninsula, collected from 1994 to 
2010, define a local meteoric water line (LMWL) 
with a slope of 7.7 (Fig. 2). Evaporation enriches 
the lake in the heavier isotopes of oxygen and 
hydrogen in water [2.6 per mil (%o) < 80 < 3.8%o 
and 10.1%o < 6D < 17.2%o], evolving along an 
evaporative line defined by &D = (5.1 x 880) - 
3.1. This evaporation line intersects the LMWL 
at 8'8O = -4.7(+1.2)%o and 8D = -27.5(+10.7)%o, 
which is within error of the mean oxygen and 
hydrogen isotope values recorded in local rivers 
and groundwater from the International Atomic 
Energy Agency's regional Global Network of Iso- 
topes in Precipitation stations (5'°O = -4.1%o, 
5D = -24.3%o) (29) and this study (5'°O = -4.0%o, 
5D = -23.5%o). 

The gypsum deposited during the droughts 
of the Terminal Classic and early Postclassic 
periods was used to calculate 8'%0, 570, and 5D 
values of the paleo-lake water, which ranged from 
3.6%o to 4.9%o for 50, 1.9%0 to 2.5%o for 50, 
and 13.7%o to 18.8%o for 6D (Fig. 1). Mean values 
of the paleo-lake waters (5'°O = 4.2%o, &”O = 
2.2%o, 5D = 16.4%o) during drought episodes are 
significantly greater than modern lake values 
(8'°O = 3.1%, 870 = 1.6 %o, 5D = 12.7%o). Age 
uncertainty associated with the lake record and 
with periods of gypsum precipitation was calcu- 
lated using Bayesian age-depth analysis of radio- 
carbon ages obtained from the sediment cores (3) 
(Fig. 1). We found high probabilities of drought 
occurring specifically during the onset (~750 to 
~850 CE) and the end (~950 to ~1050 CE) of the 
TCP (P > 0.85 and P > 0.95, respectively) (20). 
Multiple proxy climate records across the Maya 
Lowlands also provide evidence of drought syn- 
chronicity, with only slight temporal variations 
across the region (JO). 

To estimate quantitatively the magnitude of 
drought during the TCP, we used a transient 
model that explicitly simulates the evolution of 
the isotopic and chemical composition of the 
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Fig. 1. Water isotopes during drought periods compared to 
modern water isotopes of Lake Chichancanab. Lower 

panel: Sediment density record of core CH1 7-II|-04 from O 

to 2000 CE (shown relative to Maya chronology) 

(3). Periods of gypsum precipitation are indicated by density 
values of >1.1 g/cm®. Age uncertainties (95% confidence 
intervals) are derived from Bayesian age-depth analysis 

and normalized to the best-fit age model (20) (fig. S8). Upper 
panel: 8!°0, 8!70, 8D, and d-excess [d-excess = 

8D — (8 x 8°0)] of paleo—lake water data (yellow circles) 
from 550 to 1150 CE shown after correction of measured 
GHW for known fractionation factors (24) at 26°C. 

Horizontal blue bands define the mean (+1o) isotopic 
compositions recorded in the modern lake. Positive 

3'80, 8!”0, and 8D values and negative d-excess values 

reflect periods of drought. Note that the d-excess 
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Fig. 2. Comparison of measured local meteoric water, modern lake 
water, and paleo-lake water data. Paleo—lake water data (yellow 
circles) are shown after correction of measured GHW for known 
fractionation factors (24) at 26°C. (A) 8!°0 versus 8D space. (B) 8!°O 
versus d-excess space. (C) 3!°O versus ’O-excess space [!”O-excess = 
In(8O + 1) — 0.528 In(s"80 + 1)]. Local meteoric water measurements 
(gray circles) define the local meteoric water line (LMWL). Relative to 
modern lake waters (blue circles), paleo-lake water displays greater 5'°O 
and 8D values along an evaporative trend. The gray ellipses define the 
relative influence of variables that can affect the isotopic composition of 
water in 880 versus d-excess and 8"0 versus 7O-excess space; the 
effects of precipitation/evaporation (P/E), normalized relative humidity 
(RH,), temperature (T), changes to source composition (MW), the degree 
of equilibrium between atmospheric vapor and fresh water (Atm. vapor), 
and turbulence created by wind are indicated (14). The size of each arrow is 
derived from the tolerance given for each input parameter in table S8. 
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Fig. 3. Simulated hydrologic changes of Lake Chichancanab. (A) Transient 
model of the lake system from 550 to 1200 CE. GHW data (yellow circles) 
and core density are plotted against sampling ages derived from Bayesian 
age-depth analysis (20). Multidecadal-scale droughts were simulated by 
forcing (i) a reduction in precipitation with accompanied shifts in the 

isotopic composition of rainwater (i.e., the amount effect: 3° O precipitation’ 
Aprecipitationyolume = —0.0121%0/mm:; scenario 1, blue line) and (ii) 
reductions in precipitation with accompanied decreases in RH, (scenario 2, 
red field). Probability density functions (PDFs) incorporate the variability within 
and between each decade-long drought (yellow line, GHW data; blue line, 
scenario 1; red line, scenario 2). Scenario 1 fails to match the d-excess data 
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derived from GHW. Scenario 2 successfully reproduces all 8!°O and d-excess 
data. When all model variables are averaged across all droughts, the 

mean precipitation and RH, reduction (solid red boxes adjacent to PDFs) is 
47% (with a lo level of 41 to 54%) and 4% (1c level of 2 to 7%), respectively. 
The +1o range determined from PDFs (open red boxes adjacent to PDFs) 
shows the variability of precipitation and RH, throughout the droughts. 

(B to D) Scenarios 1 and 2 are also plotted as 8'°O versus 8D (B), 8!°O 
versus d-excess (C), and 8'80 versus ”O-excess (D). Open circles indicate 
points in the model at which gypsum is precipitating; dots indicate modeled 
data points when gypsum is not precipitating. Error bars (+lo) are shown 
or are smaller than the symbols. 
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lake water, including the gypsum flux to the lake 
sediments (fig. S3). The modeled gypsum flux 
can be compared to observed variations in the 
gypsum content of the sediments, as expressed by 
variations in sediment bulk density (3). Changes 
in lake surface area/volume ratio were obtained 
from the lake bathymetry (fig. S4). The model 
was run at submonthly resolution in a series of 
millennial-duration experiments, forced with 
North American Regional Reanalysis (NARR) data 
for local precipitation and RH,. We first tested the 
model using the climate forcing across the modern 
sampling period from 1994 to 2010 (fig. S5). It 
successfully reproduced the mean of modern 
isotope data, with insignificant gypsum precipita- 
tion. This time interval, which was fortuitously 
one of the driest of recent decades, was then used 
as the baseline for comparison to paleo-simulations. 

To provide scenarios that are directly com- 
parable to the GHW data, we performed long 
transient simulations in which rainfall and RH, 
were reduced by variable amounts to simulate 
a series of multidecadal-scale droughts. The use 
of a model allows us to compare, directly and 
quantitatively, climate conditions that affect the 
modern lake with conditions that would plausibly 
lead to drought. First, only the intervals over 
which the model produced gypsum deposition 
(modeled sediment density >1.1 g/cm?) were 
selected. The periods of modeled gypsum ac- 
cumulation were then aggregated into drought 
conditions for a given scenario via two pathways: 
(i) All model variables were averaged across all 
of the droughts, and (ii) probability density func- 
tions (PDFs) were constructed incorporating the 
variability within and between each decadal- 
length drought. Data-consistent scenarios were 
then selected by excluding those model runs that 
fell outside the lo range of the isotope data and 
where, on average, the model failed to produce 
significant gypsum accumulation (cutoff of aver- 
age density <1.2 g/cm? based on lo range; fig. S6). 
Two possible scenarios were tested subsequently: 
@) a reduction in precipitation with accompany- 
ing shifts in the isotopic composition of rainwater 
(i.e., the amount effect), and (ii) a reduction in 
precipitation with accompanying decreases in 
RH, (Fig. 3). 

In the first scenario, precipitation &'°O was 
reduced with an increase in rainfall according to 
the amount-effect relationship (i.e., 8’ Oprecipitation/ 
Aprecipitationyojume = -0.0121%0/mm; fig. S7) with 
associated changes in 5D and 8”O that track the 
global MWL (ie., no changes in d-excess or “O- 
excess). No scenarios with these assumptions are 
able to reproduce the relationship among 8'“O, 
d-excess, and !’O-excess observed in the data. If 
the constraints provided by d-excess and 'O-excess 
are removed and only 8'80 and gypsum precipita- 
tion are used, our model permits reductions in 
precipitation that average 50% over all drought 
intervals (Fig. 3, blue lines). This estimate is in 
broad agreement with previous work that relied 
on carbonate 5'O-derived precipitation estimates 
(using the local amount effect), which predicted 
reductions of up to 40% (6, 13). Our greater 
estimate of 50% is in part a consequence of the 
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peak drought 8'°O values recorded by gypsum, 
as well as the integration of simulated gypsum 
formation and true lake bathymetry in the model. 
Crucially, however, the added information from 
the d-excess and 'O-excess data suggests that 
multidecadal shifts in the 5'°0 of precipitation 
(caused by the amount effect) were not the do- 
minant factor that affected the isotope budget 
of Lake Chichancanab during the TCP. 

In the second scenario, we reduced precipita- 
tion without changes in the 8" of precipitation, 
but instead with concurrent changes in RH,. In 
this case, we observed excellent agreement in the 
modeled evolution of all isotopic data, with in- 
creases in 8'°O accompanied by decreases in 
d-excess and 'O-excess (Fig. 3, red lines). This 
analysis yielded plausible scenarios of precipita- 
tion reduction that average 47% across all 
droughts (with a lo level of 41 to 54%) ac- 
companied by RH, reductions of 4% (1o level 
of 2 to 7%). This result provides a robust, 
quantitative estimate of the mean annual hy- 
drological conditions of the combined drought 
periods during the TCP at Lake Chichancanab. 

Although the time evolution of our model is 
not a direct reconstruction of climate conditions, 
the model permits heterogeneity within and be- 
tween each decade-long drought. The +1o range 
determined from the PDFs indicates that the 
precipitation reduction could vary from 20 to 
70% throughout the modeled droughts (Fig. 3). 
This variability represents the transition into and 
out of drought phases and demonstrates that the 
severity of the droughts could be intense (up to a 
70% reduction in precipitation) while maintain- 
ing the isotope balance and without desiccating 
the lake. Although variability in the seasonal 
delivery of rainfall (or lack thereof) is difficult 
to constrain because the residence time of the 
lake water is greater than an annual cycle, our 
results provide quantitative estimates for the 
total annual reduction in the water available to 
the ancient Maya for agricultural and domestic 
use. Note that recorded Colonial-period accounts 
of later droughts (e.g., 1535-1560 and 1765-1773), 
during which high mortality, famines, and popu- 
lation displacement were reported (30), are not 
manifest as intervals of gypsum precipitation 
in Lake Chichancanab. The lack of gypsum for- 
mation is likely a result of shorter duration and/ 
or lower severity of these droughts, providing 
further evidence that the TCP was an unusually 
dry period for the Holocene on the Yucatan 
Peninsula. 

Using triple oxygen and hydrogen isotope data 
to independently deconvolve climate variables 
of precipitation, RH,, and the amount effect, we 
constrained the changing hydrological conditions 
at Lake Chichancanab. This approach provides 
a substantial advance over previous attempts to 
estimate the magnitude of rainfall reduction dur- 
ing the TCP droughts [e.g., (6, 13)]. Furthermore, 
these quantitative estimates of past rainfall and 
RH, can serve as input variables in crop models, 
thereby clarifying how drought affected agricul- 
ture (e.g., maize production) in the northern Maya 
Lowlands during the TCP (72). 
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HAIRY MERISTEM with WUSCHEL 
confines CLAVATAS expression 
to the outer apical meristem layers 


Yun Zhou?”>?*+, An Yan?**, Han Han”, Ting Li’*, Yuan Geng”, 


Xing Liu’**, Elliot M. Meyerowitz’*+ 


The control of the location and activity of stem cells depends on spatial regulation of gene 
activities in the stem cell niche. Using computational and experimental approaches, we have 
tested and found support for a hypothesis for gene interactions that specify the Arabidopsis 
apical stem cell population. The hypothesis explains how the WUSCHEL gene product, 
synthesized basally in the meristem, induces CLAVATA3-expressing stem cells in the meristem 
apex but, paradoxically, not in the basal domain where WUSCHEL itself is expressed. The 
answer involves the activity of the small family of HAIRY MERISTEM genes, which prevent the 
activation of CLAVATA3 and which are expressed basally in the shoot meristem. 


istinct cell types in multicellular organisms 
form specific patterns during development, 
and how the patterns are regulated is a 
critical question. In Arabidopsis shoot 
apical meristems (SAMs), stem cells reside 
at and near the apex, whereas the cells specifying 
the stem cells are located more basally (7). Along 
the apical-basal axis, the homeodomain transcrip- 
tion factor WUSCHEL (WUS) and the secreted 
peptide CLAVATA3 (CLV3) form a negative feed- 


Fig. 1. Expression 
patterns of HAM1 and 


CLV3 in the SAM are / HAM 


largely complementary. 
The expression of 
PHAMI1::2xYPET-N7MirS 
and pCLV3::TFP-ER is 
shown in transverse optical 
sections from top to 
bottom through the same 
Arabidopsis SAM, including 
L1 (A to E), L2 (F to J), cells 
just below the L2 (K to 

O), and deeper layers in 
the center and all layers on 
the meristematic periphery 
(P to T). Panels (from left 
to right) show yellow 
fluorescent protein (YFP) 
(quantification indicated by 
color) and propidium iodide 
(PI) counterstain (white); 
YFP (green) and PI 2 
counterstain (purple); he pHAMT: -2XYPET-NZMi 
a merge of three BPC tae 
channels: YFP (green), 

PI (purple), and teal 
fluorescent protein (TFP) 
(gray); TFP (gray); and TFP 
(quantification indicated by 
color). Scale bars, 20 um; 
color bars, fire quantification 
of signal intensity. 


PHAM? avai 
pCLV3::TFP-ERg® 


pHAM?1::2xYPETINGI 
pCLV3::TFP-ERe 


Zhou et al., Science 361, 502-506 (2018) 


Merged Channels of 
YFP (quantification), Pl 
ue 


HAM1 L2 fie» 


3 August 2018 


back loop mediating communication between 
the stem cells and the beneath-rib meristem cells 
(2-9). CLV3 is highly expressed in the apical stem 
cells (2-4), whereas the WUS transcript is con- 
fined to the center of the rib meristem (5, 6). 
WUS protein moves apically via plasmodesmata 
(cell-cell connections) into the stem cells (10-12) 
to activate CLV3 expression, reportedly through 
direct binding to the CLV3 promoter (JO, 12). 
How the apical-basal patterns of CLV3 and WUS 
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mRNAs are initiated and maintained is unknown. 
One central question is why CLV3 is activated 
only by WUS that has transited into the apical 
stem cells and is not activated in the interior 
cells, where the WUS protein concentration is 
highest and where WUS is actively expressed. 
It has been proposed that either WUS requires 
an as-yet-unidentified signal from the epidermis 
(L1) of the meristem for CLV3 activation (13, 14) 
or WUS can convert itself from a repressor to 
an activator when its concentration is low (12). 
Here, we propose a different mechanism. We 
previously found that members of the HAIRY 
MERISTEM (HAM) family, GRAS-domain tran- 
scription factors, function as interacting partners 
of WUS to control the production of shoot stem 
cells (15). The HAM proteins are involved in meri- 
stem regulation and the CLV3-WUS pathway 
(15-18), and CLV3 is ectopically expressed in the 
rib meristem of a ham multiple mutant (6). Using 
computational and experimental approaches, we 
have shown that in the SAMs, WUS activates 
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CLV3 only in the absence of HAM, and in the 
initiating meristems, an apical-basal gradient 
of HAM defines the patterning of the CLV3 ex- 
pression domain. 

Imaging of fluorescent reporters for both 
HAM and CLV3 in the same living SAMs shows 
that the expression patterns of HAM and CLV3 
mRNAs are nearly complementary, with opposite 
concentration gradients along the apical-basal 
axis (Fig. 1, fig. S1, and movies S1 to S3). HAM1 
and HAM2 are highly expressed in the rib 
meristem and peripheral zone in the corpus 
(Fig. 1 and fig. SI), where CLV3 expression is 
reduced. In contrast, HAM and HAM2 expres- 
sion is not detected in the L1 and L2 layers of 
the central zone, where CLV3 is highly expressed 
(Fig. 1 and fig. S1). In addition, we previously 
showed that HAM], HAM2, and WUS are co- 
expressed in the same cells at the center of the 
corpus (15), and HAM protein was not detected 
in the central zone (15). This imaging (Fig. 1 and 
fig. S1) and previous reports (4, 7, 10-12, 15) have 
revealed the distinct and overlapping expression 
patterns of WUS, CLV3, and HAM in the SAM 
(fig. S2), which leads to the hypothesis that in 
the apical stem cells where HAM is absent, CLV3 
mRNA production is activated by WUS; at the 
basal part of the SAM where HAM proteins are 
present, the ability of WUS to activate CLV3 
mRNA production is suppressed. 

To test this hypothesis, we first established 
a new three dimensions-plus-time (3D+t) com- 
putational model to simulate the patterns of 
CLV3 and WUS transcripts and the movement 
of CLV3 peptides and WUS proteins during 
meristem development (see methods). The mod- 
el incorporated the current knowledge of the 
CLV-WUS feedback (2-8, 19); included an acti- 
vator of WUS transcription, the organizing center 
signal at the center of the meristem corpus; and 
took the concentration gradient of HAM as an 
input. We modeled the movement of WUS pro- 
tein as a passive diffusion-like transport, as prev- 
iously reported (73, 14). Most notably, we defined 
WUS as the activator of CLV3 transcription when 
HAM is absent but not when HAM protein is 
present. We represented CLV3 peptide as a re- 
pressor of the WUS mRNA level and modeled the 
peptide’s rapid apoplastic movement between 
cells (8). This model was able to reproduce the 
specific patterns of the WUS transcript, WUS pro- 
tein, and CLV3 transcript in a wild-type SAM, and 
these patterns were resistant to perturbations in- 
troduced by cell growth and divisions (movies S4: 
to S6, S8, and S9). In addition, a simplified 1D+t 
cell layer model was able to predict the patterns 
of WUS and CLV3 expression along the apical- 
basal axis (movie S7), suggesting that the apical- 
basal polarity of gene expression can be uncoupled 
from lateral cell proliferation. By contrast, if HAM 
was converted into an activator (either together 
with WUS or in addition to WUS) of CLV3 tran- 
scription, we were not able to reproduce the wild- 
type CLV3 mRNA pattern (fig. S3). 

We further tested the hypothesis and vali- 
dated the computational model by introducing a 
spatial perturbation of gene expression both in 
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Fig. 2. Results of HAM pPCLV3::DsRed-N7 PCLV3::DsRed-N7 
expression changes in the in Ler in pATML1::HAM1m-GFP 
L1. (A and B) The simulated cLv3 B cLv3 


CLV3 expression domain 

in 3D in both the wild type (A) 
and the pATML1::HAM1m- 
GFP transgenic plant (B) in 
which HAM1 is overexpressed 
in the epidermis. The CLV3 
mRNA levels are indicated by 
color, with a gradient from red 
[maximum, 0.86 arbitrary 
units (a.u.)] to blue (O). 

(C to H) Validation of the 
computational simulation 
through confocal live imaging 
of a pCLV3::DsRed-N7 

green) reporter ina 
PATML1::HAM1m-GFP 
transgenic plant. Orthogonal 
Orth) [(C) and (D)] and 
transverse section [(E) to 

H)] views of the same wild- 
type (Ler) plant [(C), (E), and 
G)] or the same L1-HAM 
transgenic plant [(D), (F), and 
H)] are shown. PI counter- 
stain is represented in purple 
[(C) to (F)] or gray [(G) 

and (H)], and the relative 
pCLV3::DsRed-N7 signal 
intensity is indicated by color 
[(G) and (H)]. Scale bars, 

20 um; color bars [(G) and 
H)], fire quantification of 
signal intensity. Here and 
elsewhere in this study, the 
whole SAM template was 
used for all of the simulations, 


but only half of the SAM is represented, for visualization of cells in inner layers. 


silico and in vivo. The absence of HAM protein 
at the center of the meristem LI layer (Fig. 1, A to 
E, and fig. S1, A to E) prompted us to test the 
effect on CLV3 patterning of specifically express- 
ing HAM in the LI layer. Our model predicted 
that CLV3 mRNA in the LI layer would be 
markedly reduced because of the absence of 
activation in the LI and that the peak of CLV3 
expression would shift into deeper cell layers 
(Fig. 2, A and B). We reproduced this perturba- 
tion experimentally by generating pATMLI:: 
HAMIm-GFP (L1-HAM) transgenic plants that 
express a HAM1-green fluorescent protein (GFP) 
fusion in L1 (fig. S4 and movies S10 and S11) 
from an epidermis-specific promoter (20). We 
found that the activity of the CLV3 reporter in 
L1 of the LI-HAM SAM was reduced compared 
with either the level in cells below L2 from the 
same LI-HAM SAM or the level in L1 in a wild- 
type SAM (Fig. 2, C to H). In addition, the SAMs 
of LI-HAM plants were substantially enlarged 
compared with the wild type (Fig. 2, C and D, 
and fig. $5), demonstrating the functional im- 
plications of keeping HAM levels low and CLV3 
high in the epidermis. 


The model also predicted that partial repres- 
sion of HAM (18, 21) is sufficient to alter the CLV3 
pattern (fig. S6, A and B), which is consistent 
with the experimental results and quantitative 
analyses (fig. S6). This partial repression of HAM 
led to a substantial increase in CLV3 mRNA 
levels (fig. S6, C and D), more cells expressing 
CLV3 in the SAMs (fig. S6E), and a basal shift of 
the CLV3 expression peak (fig. S6F). 

A series of genetic perturbations was intro- 
duced to further dissect the roles of HAM and 
WUS in CLV3 patterning along the apical-basal 
axis in the SAM. The model made the following 
predictions in parallel (Fig. 3, A to D): When 
HAM is absent in a SAM, CLV3 mRNA will be 
locally activated by WUS, with the concentra- 
tion peak in the basal part of the SAM (Fig. 3, A 
and B). When HAM is present in a SAM but the 
transcriptional activity of WUS is reduced, the 
CLV3 mRNA will still be expressed in the apical 
part of the SAM, with the level substantially 
reduced (Fig. 3C). Furthermore, when HAM is 
absent and the transcriptional activity of WUS 
is reduced, CLV3 will be expressed in the basal 
part of the SAM at a reduced level (Fig. 3D). To 
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A clv3 B 


Fig. 3. Model prediction and experimental validation in SAMs of 
different genotypes. (A to D) Simulated CLV3 mRNA levels in 

3D in different genotypes, including the wild type (A), ham1 ham2 

ham3 (ham123) (B), wus-7 (C), and wus-7 ham1 ham2 ham3 (D). 

(E to H) Validation of the computational simulation through in situ 
hybridization to CLV3 RNA in wild-type (Ler) (E), ham1 ham2 ham3 

(F), wus-7 (G), and wus-7 ham1 ham2 ham3 (H) SAMs at the same 
developmental stage [30 days after germination (DAG)] under the same 
experimental conditions. (I to L) Simulated CLV3 mRNA levels in 3D in 


test these predictions, we examined the CLV3 
mRNA in the SAMs of the wild type, ham1 ham2 
ham3 triple loss-of-function mutants, wws-7 par- 
tial loss-of-function mutants (15, 22), and wus-7 
hami ham2 ham3 quadruple mutants (Fig. 3, E 
to H). As assessed by in situ hybridization ex- 
periments, the CLV3 expression domain in ham1 
ham2 ham3 mutants shifted to the center of the 
rib meristem (Fig. 3F), as observed previously 
(16), whereas the CLV3 mRNA level was reduced 
locally in the central zone in a wus-7 SAM (Fig. 
3G). In the wus-7 ham1 ham2 ham3 SAM, CLV3 
mRNA expression shifted to the rib meristem, 
and its level was substantially reduced compared 
with that in the ham1 ham2 ham3 SAM (Fig. 3H). 
In addition, the wus-7 ham1 ham2 ham3 mutant 
displayed a much reduced SAM size (Fig. 3H), 
consistent with the previous finding that HAM 
and WUS work together in control of stem cell 
homeostasis (15). Aside from the partial loss of 
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function (Fig. 3C), the computational model pre- 
dicted that when WUS activity is completely lost 
(Fig. 3, I to L), CLV3 mRNA will be absent be- 
cause this major activator of CLV3 is absent, 
regardless of whether HAM is present (Fig. 3, K 
and L). These predictions were validated through 
the CLV3 mRNA in situ hybridization in the SAMs 
of the wild type, ham1 ham2 ham3 and wus-1 null 
mutants (5), and wus-1 haml ham2 ham3 quad- 
ruple mutants (Fig. 3, M to P, and fig. $7). We 
found that CLV3 mRNA was undetectable in 
both wus-J and wus-1 ham1 ham2 ham3 plants, 
and wus-1 ham1 ham2 ham3 plants displayed a 
terminated meristem similar to that in wws-J plants 
(Fig. 3, O and P). These results (Fig. 3) reveal 
distinct roles of HAM and WUS in determining 
the CLV3 mRNA pattern in an established SAM: 
WUS maintains the overall CLV3 level, whereas 
HAM defines the apical-basal positioning of the 
CLV3 expression domain. 


‘p> ; ‘ CLV3 
~ in ham123wus-1 


different genotypes, including the wild type (I), ham1 ham2 ham3 (J), 
wus-1 (K), and wus-1 ham1 ham2 ham3 (L). (M to P) Validation of the 
computational simulation through RNA in situ hybridization of CLV3 in 
wild-type (Ler) (M), ham1 ham2 ham3 (N), wus-1 (O), and wus-1 ham1 
ham2 ham3 (P) SAMs at the same developmental stage (22 DAG) under 
the same experimental conditions. The simulated CLV3 mRNA level [(A) to 
(D) and (I) to (L)] in each individual cell is indicated by color, with the 
gradient from red (maximum, 1.15 a.u.) to blue (0). The simulations in (1) and 
(J) are the same as those in (A) and (B), respectively. Scale bars, 50 um. 


We further examined whether the HAM-WUS- 
CLV3 regulatory loop defines the initiation of 
polarity during de novo meristem formation 
from leaf axils (Fig. 4, A to P, and figs. S8 and S9). 
Different from that in the already established 
apical meristem, expression of CLV3 in the ini- 
tiating axillary meristem (AM) (stages S2 and S3) 
(23, 24) is first seen in the corpus (24). To seek 
the underlying mechanism, we first examined 
the expression pattern of HAM1 at early stages of 
AM initiation. At S2, HAMT7 is evenly expressed in 
the initiating meristem, with no gradient from 
the epidermis to the interior cells (Fig. 4A). At $3, 
HAM1 is also expressed throughout the initiating 
meristem, lacking a clear gradient (Fig. 4E). Both 
patterns are distinct from the HAM] pattern in 
the established SAMs (Fig. 1) (15). When these 
HAM1 patterns (Fig. 4, A and E) were used as 
inputs for AM simulation (Fig. 4, B and F), the 
model predicted that the CLV3 domains in the 
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Fig. 4. Patterning during the de novo formation of axillary stem 

cell niches in the wild type and ham1 ham2 ham3 mutants. 

A, E, I, and M) In situ hybridization to HAMI RNA in the wild type 

at early [(A) and (E)] and late [(l) and (M)] stages of AM initiation. 

B, F, J, and N) Levels of HAM concentration in the wild type at early 
[(B) and (F)] and late [(J) and (N)] stages as the input. (C, G, K, and O) 
Simulated CLV3 mRNA levels at early [(C) and (G)] and late [(K) and 
O)] stages in the wild type. (D, H, L, and P) Validation of the simulation 
through the in situ hybridization to CLV3 mRNA in a wild-type AM at early 
[(D) and (H)] and late [(L) and (P)] stages. (Q) The HAM concentration 
was set at zero in ham1 ham2 ham3 mutants at all stages as the input. 
R) Simulated CLV3 mRNA levels at different developmental stages in 
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ham1 ham2 ham3 mutants. (S and T) Validation of the simulation through 
RNA in situ hybridization of ham1 ham2 ham3 AMs. The initiation of AMs 
in haml1 ham2 ham3 plants was disturbed and did not follow the well- 
characterized developmental stages (23, 24). The early (S) and late 

(T) stages of AM initiation in ham1 ham2 ham3 mutants were defined 

on the basis of the distance of leaf axils from the same main SAM in 
longitudinal sections. In each individual cell, the relative HAM protein level 
(input) is indicated by color (blue, 0; red, maximal level of 1), and the 
relative CLV3 mRNA level (output) is also indicated by color (blue, 0; 

red, 1.23 a.u.). Arrows: HAM1-expressing cells [(A), (E), (1), and (M)] and 
CLV3-expressing cells [(D), (H), (L), (P), (S), and (T)] during new 
meristem initiation. Scale bars, 50 um. 


wild type would be confined to the basal part of 
the initiating meristems (Fig. 4, C and G), sug- 
gesting that when a HAM concentration gradient 
does not exist or is very shallow, the CLV3 mRNA 
pattern is determined predominantly by the WUS 
concentration. These predictions are consistent 
with our experimental results (Fig. 4, D and H) 
and previous observations (24). The concentration 
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gradient of HAM7 from the epidermis to interior 
cells at late stages of AM initiation (Fig. 4, land 
M) has been established and is comparable to 
the pattern in the SAMs (Fig. 1). With this informa- 
tion as the input (Fig. 4, J and N), the model 
predicted that at these stages (Fig. 4, K and O), 
CLV3 would be expressed predominantly in the 
apical domain of the initiating AMs; this was 


experimentally validated (Fig. 4, L and P) (24). 
Thus, the dynamic gradient of HAM drives the 
CLV3 pattern dynamics during de novo formation 
of a new stem cell niche (movie S12). 

We then simulated the patterns of CLV3 mRNA 
expression at different stages during AM initia- 
tion when HAM activity is absent (Fig. 4Q). The 


model predicted that CLV3 expression domains 
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would be confined to deep cell layers at all times 
(Fig. 4R and movies S13 to S15), which is con- 
sistent with the experimental results (Fig. 4, S 
and T). The computational and experimental 
results together demonstrated that the lack of 
either a HAM gradient or HAM expression leads 
to similar CLV3 RNA patterns, suggesting that 
the HAM concentration gradient in a meristem 
acts in specifying the apical-basal polarity of the 
CLV3 mRNA pattern. Additionally, the defects 
in CLV3 patterning during meristem initiation 
(Fig. 4, S and T) could be the molecular basis of 
the shoot-branching phenotypes of the ham1 
ham2 ham3 mutants (16-18). 

In contrast with previous models (13, 14, 25), 
this work, complemented by a recent theoretical 
study (26), reveals a regulatory circuit involving 
three components—WUS, HAM, and CLV3—that 
sustains both the initiation and the maintenance 
of the apical-basal polarity of distinct cell types in 
the plant apical stem cell niche. 
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Cryo-EM structure of a mitochondrial 


calcium uniporter 


Jiho Yoo, Mengyu Wu”*, Ying Yin’, Mark A. Herzik Jr.”, 


Gabriel C. Lander”+, Seok-Yong Lee'+ 


Calcium transport plays an important role in regulating mitochondrial physiology and 
pathophysiology. The mitochondrial calcium uniporter (MCU) is a calcium-selective ion 
channel that is the primary mediator for calcium uptake into the mitochondrial matrix. Here, 
we present the cryo-electron microscopy structure of the full-length MCU from Neurospora 
crassa to an overall resolution of ~3.7 angstroms. Our structure reveals a tetrameric 
architecture, with the soluble and transmembrane domains adopting different symmetric 
arrangements within the channel. The conserved W-D-®-®-E-P-V-T-Y sequence motif of MCU 
pore forms a selectivity filter comprising two acidic rings separated by one helical turn along 
the central axis of the channel pore. The structure combined with mutagenesis gives insight 


into the basis of calcium recognition. 


itochondrial Ca?* transport is critical for 
shaping the dynamics of intracellular 
calcium signaling, regulating energy me- 
tabolism, generating reactive oxygen 
species, and modulating cell death (J, 2). 
Ca?* uptake across the mitochondrial inner mem- 
brane was shown to occur via a “uniporter” (3), 
and electrophysiological studies of the mitoplast 
inwardly-rectifying Ca?* current (Iyjca) showed 
that this “uniporter” is an ion channel that ex- 
hibits a remarkable selectivity for Ca?* (4). Re- 
cent genomics studies have identified the key 
components of the uniporter holocomplex (uni- 
plex) (5-9). In vertebrates, it comprises the 
mitochondrial calcium uniporter (MCU), an 
auxiliary transmembrane protein essential MCU 
regulator (EMRE) (8), and the auxiliary EF 
hand-containing proteins mitochondrial calcium 
uptake 1 (MICU1) and MICU2 (6, 10). EMRE plays 
a dual role in maintaining MCU in an open state 
and recruiting MICU1 and MICU2 (JJ), which 
regulate the activity of MCU in a Ca?*-dependent 
manner (6, 12-15). Whereas MCU is widely dis- 
tributed across all major branches of eukaryotes 
(16), EMRE is metazoan-specific (8). The MCU 
ortholog from Dictyostelium discoideum, an or- 
ganism lacking EMRE, alone is capable of re- 
constituting channel activity in yeast (77). In fungi, 
MCU is typically present without the MICU1/2 
homologs (6). Recent studies have further shown 
that fungal MCU homologs are also able to re- 
constitute channel activity in vitro and in vivo 
on their own (/8, 19). Taken together, these data 
establish that MCU is the Ca?*-conducting pore- 
forming unit of the uniplex. 
A single protomer of MCU is predicted to 
possess two transmembrane helices (TM1 and 
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TM2), two coiled-coils (CC1 and CC2), and an 
N-terminal domain (NTD) located on the matrix 
side. All MCU homologs contain a highly con- 
served sequence motif W-D-®-®-E-P-V-T-Y 
(® denotes hydrophobic amino acids) located 
between TM1 and TM2. This motif is oriented 
facing the intermembrane space and is thought 
to form the selectivity filter in the oligomeric 
channel (5, 7, 9). The NTD is composed of ~100 
residues and extends into the mitochondrial 
matrix. Crystallographic studies of the human 
MCU NTD revealed a distinct structural fold 
similar to a B-grasp, and subsequent functional 
studies revealed its modulatory role in MCU 
function (20, 27). A structure of the NTD-deleted 
MCU homolog from Caenorhabditis elegans 
(CMCU-ANTD) was recently determined by using 
nuclear magnetic resonance (NMR) and negative- 
stain electron microscopy, revealing a pentameric 
architecture (22), although the absence of the 
NTD limited further structural insights into the 
full-length channel assembly. We therefore con- 
ducted structural studies of a full-length MCU 
homolog using cryo-electron microscopy (cryo- 
EM). After screening a number of MCU homologs 
based on phylogenetic analyses (16), we found 
that a homolog from Newrospora crassa (MCUnc) 
was suitable for structural studies. To prevent 
proteolysis, we introduced a Tyr**Ala mutation 
into a flexible loop within the NTD (fig. S1). This 
Tyr*?Ala mutant eluted at a similar volume as 
that of wild-type MCUyc during size-exclusion 
chromatography and exhibited a similar overall 
architecture, as determined with negative-stain 
EM (fig. S2). MCUyce was prepared under two 
different Ca?* conditions for EM studies, referred 
to as low and high Ca** (supplementary materials, 
materials and methods). In both conditions, 
MCU xc was reconstituted in amphipol and sub- 
jected to single-particle three-dimensional (3D) 
cryo-EM analysis. MCUnc unambiguously showed 
by means of EM a tetrameric arrangement under 
both Ca?* conditions (fig. $3). The attainable 
resolution of these reconstructions (4.7 to 7 A) 


(fig. S3 and supplementary materials, materials 
and methods) appeared to be limited by flexibility 
of the NTD. Therefore, we attempted to cross-link 
the NTD of MCUnc using the water-soluble cross- 
linker bis-sulfosuccinimidyl suberate (BS3), in the 
presence of high Ca’*, and reconstituted the BS3- 
cross-linked MCUyc into nanodiscs for EM analy- 
ses. The 3D reconstruction of cross-linked MCUye 
in nanodiscs was determined to an overall re- 
solution of ~3.7 A (fig. S4). Comparison of the 
3D reconstructions of cross-linked MCUyc and 
native MCUyc showed that cross-linking did 
not appreciably affect the structure of MCUyc 
(fig. S4). Thus, data of cross-linked and native 
MCUyc were combined to yield an improved 
reconstruction at an overall resolution of ~3.7 A 
(fig. S4 and supplementary materials, materials 
and methods) that allowed for de novo model 
building (table S1 and supplementary materials, 
materials and methods). 

SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) analysis of BS3-cross-linked MCUye in- 
dicated a complete conversion of the monomeric 
MCU band to a single band with an apparent 
molecular weight most compatible with tetrameric 
MCUnc (fig. $2). Both cross-linked and native 
MCUnc in detergent micelles elute at similar 
volumes during size-exclusion chromatography, 
suggesting that cross-linking did not alter the 
oligomeric state of MCUnc. Last, 2D classifica- 
tion and asymmetric 3D classification of both 
the native and cross-linked MCUyc samples un- 
ambiguously showed a tetrameric organization of 
MCUyg, with no evidence for a pentamer, strongly 
supporting the tetrameric architecture of MCUnc 
in our final structures (figs. S3 and S4). 

The overall shape of the MCUyc homo- 
tetramer is a prolate spheroid with dimensions 
of ~40 by 48 by 130 A (Fig. 1). The transmembrane 
domain (TMD) is formed by TM] and TM2 helices, 
and the matrix region comprises the coiled-coil 
domain (CCD) and the NTD. TM] and CCI form 
a long and continuous helix at the periphery of 
the channel, while the TM2 helices line the central 
symmetry axis (Fig. 1B). The TM helices are 
arranged so that TM1 from one protomer pri- 
marily interacts with TM2 from the adjacent 
protomer (Fig. 1E). TM2 is followed by ~15 amino 
acids near the matrix-membrane interface but 
could not be accurately modeled (fig. S6). Im- 
mediately C-terminal to this region, a short helix, 
which we termed the junctional helix (JH), is 
positioned nearly perpendicular to TM1 and TM2 
and forms ajunction between TM2 and CC2. In 
the CCD, CC1 and CC2 form a dimeric coiled-coil, 
resulting in four dimeric coiled-coils within the 
tetramer. Because of the uncertainty of the con- 
nection between TM2 and JH, we cannot rule 
out the possibility that CC2 interacts with CC1 
from the neighboring protomer (fig. S6). Unlike 
human MCU (hMCU), CC2 of MCUnc is followed 
by three putative helical regions at its C terminus, 
which is not resolved in the 3D reconstruction 
(fig. SI). The NTD comprises six B-strands (1 to 
66) and two o-helices (a1 and a2) and is con- 
nected to CC1 of the CCD. a2, located between 
the CCD and the rest of the NTD, positions the 
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NTD relative to the rest of the channel (Fig. 1, C 
to E). Despite the low sequence identity (~17% 
for the structured regions), the NTD is struc- 
turally very similar to the hMCU NTD fragment 
[Protein Data Bank (PDB) ID: 5KUJ, Ca root 
mean square deviation 1.8 A] (figs. S1 and $7) 
(20, 21). 

All MCU homologs contain the highly con- 
served sequence motif W-D-®-®-E-P-V-T-Y, which 
has been proposed to form the selectivity filter 
(5, 7, 22). In our MCUyc structure, this sequence 
motif is located in the N-terminal region of TM2 
(Fig. 2), with the carboxylate side chains of con- 
served acidic residues Asp®”’ and Glu?”* from 
each protomer directed toward the central sym- 
metry axis, forming two acidic rings along the 
channel pore. The first acidic ring formed by 
Asp®”, which we term site 1 (S1), is located at 
the mouth of the pore and exposed to the inter- 
membrane space. The distances between diago- 
nally positioned Asp®”’ are ~8.8 A, indicating 
that a hydrated Ca?* is likely to bind to this ring 
(Fig. 2C and fig. S1). The second acidic ring 
formed by Glu®”® is termed site 2 (S2). There is 
an extensive network of interactions surround- 
ing Glu®*’ involving residues in the W-D-®-®-E- 
P-V-T-Y motif that position the carboxylate group 
of Glu®** toward the central symmetry axis. 
Specifically, Pro®°? appears to make interpro- 
tomer CH-n interactions with Trp®”* from the 
adjacent subunit, the amide nitrogen in the in- 
dole ring of Trp*** hydrogen bonds to the car- 
boxylate group of Glu®*® from an adjacent 
protomer, and Tyr? is involved in both n-n 
interactions with Trp*”* as well as hydrogen 
bonding interactions with Thr?” from the ad- 
jacent protomer (Fig. 2, C and D, and fig. S4). 
Although the EM density for the MCU motif is 
sufficiently high to place side-chain atoms, the 
exact chemical nature of these interactions 
should be interpreted with caution. The distance 
between the carboxylate groups of Glu?”* from 
diagonally opposing protomers is ~4.8 A, sug- 
gesting that only dehydrated Ca?* can be co- 
ordinated at S2. There is a strong EM density at 
the center of S2 (>170) (fig. S8A) that we ten- 
tatively assign to Ca?* because (i) the density 
peak is present in both an asymmetric recon- 
struction of MCUyc as well as the correspond- 
ing half maps (fig. S8, B and C), and (ii) calcium 
was present in high concentration during both 
protein purification and EM grid preparation 
(supplementary materials, materials and methods). 
The coordination of dehydrated Ca?* by acidic 
residues has been observed in both TRPV6 
and Orail and was proposed to be key to the 
Ca’* selectivity of these channels (23, 24). We 
therefore suggest that together, this S2 acidic 
ring plays an important role in the selective 
Ca** transport by MCU. Consistent with our 
structural observations, mutation of Glu®®® has 
been shown to abolish hMCU activity (22). We 
also observed two polar amino acids, Thr®® 
and Tyr®®’, located one helical turn below S2 
that line the central axis of the pore, which we 
tentatively term “site 3” (S3). The diagonal dis- 
tances between the side chains are large (13 to 
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Fig. 1. Overall architecture of MCUnc. (A) Single-particle cryo-EM reconstruction and (B) model 
of MCUne viewed from the intermembrane space (left), within the inner mitochondrial membrane 


(middle), and from the mitochondrial matrix (right). 


secondary structures. (D) Detailed view of an MCU 
parts that were not modeled in the structure. (E) C 


(C) Illustration outlining the protein domains and 
protomer as colored in (C). Dashed lines indicate 
lose-up views of interactions between TM2 and 


TMI from neighboring protomers (top), between CCD and a2 from NTD (bottom). 


14 A), so S3 may play a role in hydrating Ca?* 
ions exiting S2. We observed an EM density at 
the center of S3, the identity of which is unclear 
(fig. S8, A to C). The selectivity filter organization 
of MCUyc is in contrast with other classical 
tetrameric cation channels, where the selectiv- 
ity filter is formed by loops connecting a TM 
helix and a pore helix (25, 26). 

In order to investigate the role of the above- 
described interactions of the W-D-®-®-E-P-V-T-Y 


motif in Ca?*-permeation by MCU, we used site- 
directed mutagenesis and Ca”*-uptake assays. 
Although functional assays are not currently 
available for MCUyc, we exploited the high con- 
servation of the selectivity filter within the MCU 
family and used an established mitochondrial 
Ca?*-uptake assay in human embryonic kidney 
(HEK) 293 cells lacking hMCU to test the activity 
of transfected hMCU mutants designed based on 
our MCUyc structure (11). Specifically, we tested 
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Fig. 2. lon conduction pore and selectivity filter. (A) The ion conduction mutants from MCNwc structure-based mutagenesis at the ion conduction 


pathway of MCUnc and the pore radius along the central axis [generated with pore. Representative traces of calcium uptake in digitonin-permeabilized 


HOLE software (30)] indicate three constrictions at Asp*°°, Glu?°*, and Tyr?°*.__ cells after 10 uM CaCls was added. Mutation of Trp*©° to Ala or Phe suppresses 
Front and rear protomers were removed for clarity. (B) Putative Ca** hMCU channel function, whereas mutation of Thr@°” or Tyr2©° to Ala solely 
coordination sites, among which a strong cryo-EM density peak was observed __ reduces the activity. Mutation of Tyr to Phe shows calcium uptake to the 
and tentatively modeled as Ca?" at site 2. (C) Top views of the putative comparable extent as wild-type hMCU (hMCU) expressed in MCU knockout 


Ca** coordination sites constituted of Asp*°° at S1 (left); Trp°*, Glu°°8, and =~ (KO) cells. (F) Bar graph showing the calcium uptake of hMCU mutants relative 
Pro®°? at S2 (middle); and Thr?* and Tyr°® at S3 (right). (D) Detailed view to the wild-type hMCU between 0.5 and 3 min time points (mean + SEM, 


from the membrane plane showing the extensive network of interactions n= 4 independent measurements). To detect the expression of HMCU mutants, 
engaged by residues in the “W-D-@-«-E-P-V-T-Y” motif. The CH-n (Pro*°? cell lysates were analyzed by means of immunoblotting with antibody to 

and Trp*4) and x-n (Trp** and Tyr*°*) interactions are highlighted by blue FLAG. Wild-type HEK293T cells and MCU knockout cells were confirmed by 
dashed lines. (E) Mitochondrial calcium uptake of human MCU (hMCU) means of antibody to hMCU. B-actin was used as the loading control. 
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the importance of Trp?®°, Thr?®’, and Tyr?®® 
(Trp*™*, Thr®™, and Tyr®® in MCUyc) for Ca?* 
uptake by hMCU (Fig. 2, E and F). Mutation of 
Trp”? (Trp?* in MCUyc) to either phenylalanine 
or alanine abolished hMCU-mediated Ca?* up- 
take, and mutation of Thr?” (Thr?™ in MCUnc) 
or Tyr?®8 (Tyr? in MCUyc) to alanine reduced 
the hMCU-mediated Ca”* uptake substantially, 
indicating their importance for MCU function. 
Ca?* uptake was restored in the Tyr*®* (Tyr? in 
MCUyc) to phenylalanine mutant, indicating that 
aromaticity is important for this position, which is 
in agreement with the above-described interac- 
tions. None of the tested mutations appreciably 
affected the expression level of hMCU compared 
with that of wild type (Fig. 2F). 

Viewing along the symmetry axis of the chan- 
nel, a symmetry mismatch occurs in which the 
TMD adopts a fourfold symmetry, whereas the 
CCD and the NTD show a twofold symmetric 
organization (Fig. 3). This observed symmetry 
mismatch is apparent in the 3D reconstructions 
of both native MCUyc and BS3-cross-linked 
MCU xc (fig. $3). Local and global alignments 
of protomers A and B in the MCUnc structure 
indicate that the domain rearrangements be- 


JH 


CC1 
CC2 


NTD 


Fig. 3. Hinge rotation enables the mismatch in channel symmetry. 

(A) Top-view comparison of channel symmetry sliced through 

the three layers depicted in the tetrameric MCUnc channel. 

The TMD exhibits fourfold symmetry, whereas both the CCD and 

NTD display twofold symmetry. The lines are drawn between Ca atoms of 
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tween the TMD and the CCD-NTD account for 
the symmetry break (Fig. 3 and fig. S9), with 
the departure from fourfold symmetry originat- 
ing from two distinct interaction networks en- 
gaged by neighboring NTDs (Fig. 3). With respect 
to the NTDs and CCDs, the channel adopts a 
dimer-of-dimers assembly; within the NTD dimer 
comprising protomers A and B (the A/B dimer), 
there is a large dimer interface (~620 A”) defined 
by both NTDs and CCDs, whereas there is a 
comparatively minimal dimer interface (~380 A’) 
mediated by the NTD dimer comprising pro- 
tomers B and C (the B/C dimer). 

The dimer-of-dimers assembly of soluble do- 
mains and the tetrameric assembly of the TMD 
in MCUnc is analogous to that of ionotropic 
glutamate receptors (iGluRs) (27). In iGluRs, the 
ligand-binding domain (LBD) and amino terminal 
domain (ATD) assume twofold symmetric ar- 
rangements, whereas the TMD adopts a four- 
fold symmetric arrangement. The LBD transitions 
into various conformations, including a pseudo- 
fourfold arrangement during the gating cycle of 
iGluR (28, 29), indicating that the NTD dimer- 
of-dimers assembly might play a comparable role 
in MCU gating. This notion is further supported 


by recent studies that suggest phosphorylation of 
the NTD or divalent cation binding to the NTD 
modulates MCU function (fig. S7) (20, 21). 
Many structural and architectural features ob- 
served in our MCUyge structure contrast with 
those of CMCU-ANTD (Fig. 4). First, cCMCU-ANTD 
and MCUyc adopt distinct pentameric and tetra- 
meric stoichiometries, respectively, which could 
result from construct design (truncation of the 
NTD versus full-length protein), choice of deter- 
gents (zwitterionic Fos-choline-14 versus dodecyl- 
maltoside), and/or protein preparation (extraction 
from inclusion body versus the membrane). The 
Ca?* channel function has not been shown in 
either cCMCU (22) nor MCUyc. Therefore, the in 
vivo oligomeric status of MCU has not been 
established, and we cannot exclude the possibility 
that fungal and cMCUs may adopt different 
oligomeric arrangements. These discrepancies 
await further validation. Second, the arrangement 
of TM1 and TM2 in MCUxyg¢ establishes an ex- 
tensive inter-protomer interface, whereas the TM 
helices in CMCU-ANTD only form intra-protomer 
interactions. Third, although the selectivity filter 
sequence is located on TM2 in MCUyg, the cor- 
responding residues in CMCU-ANTD are positioned 


Trp*°*, Asp*°”, and Ser?°°. (B and C) Alignment of protomer A 

(red) and protomer B (blue) at (B) NTD and (C) TMD, showing 

the rigid body rotations of TMD and NTD around the hinge point JH. 
(D) Distinct interfacial networks between each NTD and its 
neighboring partner. 
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Fig. 4. Comparison of cryo-EM structure MCUyc and NMR structure 
cMCU-ANTD. (A and B) Side and top views showing the tetrameric 
configuration of MCUnc. (C) The selectivity filter sequence (yellow) of MCUNc 
is located at the beginning of TM2. (D) Close-up view of the hydrophobic 
interactions (silver spheres) between CC1 and CC2. Hydrophilic residues are 
colored in teal. (E) Viewed from the intermembrane space, CC1 (orange), and 
CC2 (red) of MCUnc form dimeric coiled-coils within each protomer via 
extensive hydrophobic interactions (highlighted by silver spheres). 


cMCU-ANTD 


(F and G) Side and top views showing CMCU-ANTD (PDB ID: 5ID3) forms a 
pentamer. (H) The “D-®-®-E” motif (yellow) in CMCU is located at the loop 
connecting TM1 and TM2. (I) Close-up view of the hydrophobic residues 
(silver spheres) located on CCl and CC2. Hydrophilic residues are colored in 
teal. (J) Viewed from the intermembrane space, CC2 (red) forms a 
pentameric helical bundle via hydrophobic interactions (silver spheres) 
pointing toward the central axis. Hydrophobic residues (silver spheres) on 
CCl (orange) are exposed to the mitochondrial matrix. 
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Flores Island, Indonesia, was inhabited by the small-bodied hominin species 

Homo floresiensis, which has an unknown evolutionary relationship to modern humans. 
This island is also home to an extant human pygmy population. Here we describe 
genome-scale single-nucleotide polymorphism data and whole-genome sequences 

from a contemporary human pygmy population living on Flores near the cave where 

H. floresiensis was found. The genomes of Flores pygmies reveal a complex history of 
admixture with Denisovans and Neanderthals but no evidence for gene flow with 

other archaic hominins. Modern individuals bear the signatures of recent positive selection 
encompassing the FADS (fatty acid desaturase) gene cluster, likely related to diet, 

and polygenic selection acting on standing variation that contributed to their 
short-stature phenotype. Thus, multiple independent instances of hominin insular 


dwarfism occurred on Flores. 


sland Southeast Asia (ISEA) represents a 
key region for the study of hominin evolution 
and interaction. Several extinct hominin 
groups populated this region, and current 
inhabitants harbor both Neanderthal and 
Denisovan ancestry in their genomes. Fossil evi- 
dence indicates the presence of Homo erectus 
on Java from ~1.7 million years (Ma) ago to 
somewhere between 53 and 27 thousand years 
(ka) ago (, 2), Homo floresiensis on Flores from 
100 to 60 ka ago (3-5), and modern humans in 
Sulawesi by 40 ka ago (6). Furthermore, the 
highest Denisovan ancestry is found in this re- 
gion, in people living east of Wallace’s Line (7), 
a stark faunal boundary representing the ancient 
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and persistent deep-water separation of the 
Sunda and Sahul lands. Much of the genetic 
ancestry of modern ISEA groups derives from 
the Austronesian expansion, a demographic 
event that carried genes from mainland Asia 4 to 
3 ka ago (8). However, it remains unclear how 
selection and admixture with archaic hominins 
in some remote island groups may be related to 
this expansion and contemporary populations 
in this region. 

The history of hominin presence on Flores 
Island is particularly enigmatic. Found 400 km 
east of Wallace’s Line, Flores is home to skeletal 
remains of the diminutive species H. floresiensis 
(estimated height of ~106 cm) (3, 4), which inhab- 
ited this biogeographical setting from ~0.7 Ma ago 
until 60 ka ago (5, 9). Archaeological evidence 
indicates hominin presence on Flores by 1 Ma 
ago (10). More recent remains of short-statured 
humans have also been found at cave sites on 
the island (77). Current Flores inhabitants in- 
clude a pygmy population living in the village of 
Rampasasa (12), near the Liang Bua cave where 
H. floresiensis fossils were discovered (3). 

We collected DNA samples from 32 adult 
individuals from Rampasasa (average height 
of 145 cm) (Fig. 1A and table S1) (73) and gen- 
erated genotype data for ~2.5 million single- 
nucleotide polymorphisms (SNPs) (fig. $1). On 
the basis of family relationships and ancestry 
inferred from SNP data (table S2 and figs. S2 
and S3), we selected 10 individuals for whole- 
genome sequencing (median depth of 37.8x; 
genotype concordance >99.8%) (table S3). The 
sequenced individuals include a trio to facilitate 
haplotype inference (13), but only nine unrelated 
individuals were considered for downstream 
analyses. 


To infer population relationships, we inte- 
grated our sequencing data with SNP array data 
from 2507 individuals spanning 225 worldwide 
populations, as well as sequencing data from 
Melanesia (13). A principal component analysis 
(PCA) places the Flores population in close prox- 
imity to a cluster of East Asian and ISEA samples, 
with a notable affinity toward Oceanic popula- 
tions (Fig. 1B and table S4). Population struc- 
ture inferred by ADMIXTURE shows that most 
of the ancestry in the Flores pygmies can be 
explained by an East Asian-related component 
and by a smaller New Guinean-related compo- 
nent, shared with Oceanic populations (Fig. 1C 
and fig. S4). The New Guinean component ac- 
counts for 23.2% of Flores ancestry (z-score > 85) 
(fig. S5) (73). 

These results, along with multiple sequential 
Markovian coalescent inferences of effective 
population size and divergence times, analyses 
of inbreeding, and mitochondrial DNA and 
Y chromosome variation, indicate that the Flores 
pygmies likely trace their ancestry back to the 
ancestors of Near Oceanic populations and expe- 
rienced a recent admixture event with popula- 
tions of East Asian ancestry (figs. S6 to S11 and 
tables S4 and S5) (13). 

We used a PCA projection method to describe 
the relationship between the Flores pygmies and 
archaic hominins (13). Flores individuals exhibit 
affinity to both Neanderthals and Denisovans, 
suggesting that they harbor ancestry from both 
archaic hominins (Fig. 2A). Using F; ratio statistics, 
we estimated that the Flores pygmies harbor, on 
average, 0.8% Denisovan ancestry (z-score > 4) 
(13), which is higher than the amount for other 
ISEA populations but lower than that for Oceanic 
populations. Consistent with previous observa- 
tions (7), the amount of inferred Denisovan 
ancestry is positively correlated with proportion 
of New Guinean ancestry (Pearson’s correlation = 
0.97, P < 10") (fig. S12) (13). 

We identified regions inherited from archaic 
hominins by applying the S* statistical frame- 
work (fig. S13) (73) to 9 Flores, 27 Melanesian, 
103 East Asian, and 91 European genomes. On 
average, we retrieved 53.5 Mb of significant S* 
sequence in the Flores sample (false discovery 
rate < 5%) (Fig. 2B). Of this, 47.5 and 4.2 Mb were 
assigned with high confidence to the Neander- 
thal and Denisovan groups, respectively, whereas 
1.8 Mb were classified as “ambiguous” (for which 
Neanderthal or Denisovan status cannot be con- 
fidently distinguished) (Fig. 2B, inset, and fig. S14). 
The average amount of Neanderthal sequence per 
individual (47.5 Mb) among Flores pygmies is inter- 
mediate between that among East Asians (54.5 Mb) 
and Melanesians (40.2 Mb), whereas the average 
amount of Denisovan sequence was less than 
that identified in Melanesians (32 Mb) (fig. S14). 
These data suggest that the source of Denisovan 
ancestry was localized east of Wallace’s Line and 
that such ancestry was diluted in Flores by sub- 
sequent admixture with Asian populations carry- 
ing less (or no) Denisovan ancestry (14). 

The S* statistic does not require information 
from an archaic reference genome and thus can 
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Fig. 1. Sampling location and genomic variation of the Flores pygmies. (A) Location of Flores pygmy village and populations integrated 

into the analysis. The inset shows a subset of 85 populations from East Asia (EA), ISEA, and Oceania used for the PCA. The Rampasasa village 
(red square) is close to the Liang Bua cave, where H. floresiensis fossils were excavated. (B) PCA performed on 85 populations (13). 

(C) ADMIXTURE results for K = 6 clusters are shown for 96 worldwide populations (13). 


potentially identify sequences from unknown hom- 
inin lineages. We searched for signatures of ad- 
mixture with an unknown archaic hominin source 
by analyzing significant S* sequences that did not 
match the Neanderthal or Denisovan genomes 
(hereafter called “unknown” sequences) (fig. S14). 
We found no evidence that unknown sequences 
in Flores are enriched for older or more divergent 
lineages (figs. S15 and S16) (13), as would be ex- 
pected if they contained lineages inherited from 
amore deeply divergent hominin group, such as 
H. floresiensis or H. erectus. Although it is difficult 
to exclude very low levels of admixture from such 
groups given current methodological limitations, 
our data are inconsistent with substantial levels 
of ancestry from a deeply divergent hominin 
lineage. 

We analyzed copy number variation (CNV) in 
the Flores pygmies, along with a panel of diverse 
modern and archaic human genomes (figs. S17 
to S24 and tables S6 and S7) (13). We found 1865 
biallelic CNVs in Flores individuals, as well 
as acommon [allele frequency (AF) = 50%], large 
segmental duplication block (>220 kilo-base pairs; 
chromosome 16p12.2) that to date has been ob- 
served only in Denisovan and Oceanic individuals 
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(AF = 82.6%) (Fig. 2C and fig. S18). Previous work 
suggests this duplication introgressed from 
Denisovans into the ancestors of present-day pop- 
ulations in Oceania ~40 ka ago (15). 

To test hypotheses of recent adaptation, we 
used the population branch statistic (PBS) to 
scan for alleles exhibiting strong population- 
specific structure (13). We identified 2 genomic 
windows in the top 0.001 percentile (PBS > 1.04) 
and 10 additional windows in the top 0.01 per- 
centile (PBS > 0.78) of mean genome-wide PBS 
scores (fig. S25 and table S8). One of the top two 
regions encompasses the human leukocyte anti- 
gen gene complex, a well-known substrate of di- 
versifying selection with a critical role in adaptive 
immunity (13). The strongest PBS signal, however, 
extends over a ~74-kb region of chromosome 11 
that includes FADS] and FADS2 (Fig. 3A). These 
genes encode fatty acid desaturase (FADS) enzymes 
that catalyze synthesis of long-chain polyunsaturated 
fatty acids (LC-PUFAs) from plant-based medium 
chain (MC)-PUFA precursors. Notably, the Flores 
sample is nearly fixed for an ancestral haplotype 
(tagged by the C allele of SNP rs174547) in a pat- 
tern consistent with a recent selective sweep. 
In the larger Omni2.5-genotyped sample (n = 


21 unrelated individuals), we confirmed a 95% 
frequency of the ancestral (C) allele of rs174547. 
Other Southeast Asian populations also carry 
high frequencies of the ancestral allele (Fig. 3B, 
inset), consistent with positive selection in their 
common ancestor, with drift and additional se- 
lection in ISEA populations subsequent to their 
divergence (3). 

Supporting functional differences, previous 
data demonstrate that SNPs defining this haplo- 
type are strongly associated with circulating levels 
of fatty acids (16) (table S9) and a wide variety of 
blood phenotypes (17) (table S10). Furthermore, 
these variants are known expression quantita- 
tive trait loci (eQTLs) of both FADS] and FADS2 
(13, 18, 19). Specifically, the selected (C) allele 
of rs174547 is associated with up-regulation of 
FADS2 and down-regulation of FADS] (20) (Fig. 
3C), in turn predicting reduced efficiency of con- 
version from MC- to LC-PUFA. 

Our data add to an emerging body of evi- 
dence suggesting that the ancestral and derived 
haplotypes at the FADS locus have been targeted 
by independent episodes of positive selection in 
geographically diverse populations (18, 27-23). 
Notably, an ancestral haplotype at FADS is nearly 


2 of 5 


80g ‘9 IsNBny uo /Hio Bewsouelds'aousINS//:d}}y WO PapeojuUMOq 


RESEARCH | REPORT 


Fano B Neanderthal Denisovan Ambiguous 
Neanderthal $a cast asia a 140 
0.100 - = f 
nN % N >— 120 3 
y ISEA Ss 2 5 
Cc | 
@ 0.095 ee 9 oe = > 1004 > 
s | & = Qo 
fo” Mamanwa . e SG a 
E Remote 2 80 
6 0.090 16 \e @ is) 
Oo Oceania. \, ‘ a : ; 
= f Flores 8 5 «60 0 20 40 60 80 100 
& Ge ° Pe a 
fs 0.085 F ae ® 40 oie Archaic sequences per ind (Mb) 
= ra) Africa = > < 
o e 8 = 20 
Near. 5 
0.080 @ Oceania z 
: 0) 
® Denisovan 
2) o 2) 3 
-0.045 -0.040 -0.035 -0.030 -0.025 -0.020 an c g 
er fg 8 8 ££ 
Principal Component 1 e < c 
=] 72) as} 
uw a 2 
Cc 200 kb) hg19 


chr16: 22,400,000 | 


1 
q 


Africa 

Genes FDR 
Segmental 
Duplications 


Fig. 2. Archaic hominin ancestry in the Flores pygmies. (A) PCA to 
investigate genetic similarities of present-day humans 

and archaic hominins. Mean values for the top two principal 
components were plotted for each population. (B) Amounts 

of total archaic introgressed sequences in 9 Flores pygmies, 

27 Melanesians, 103 East Asians, and 91 Europeans. The inset shows 
amounts of Neanderthal, Denisovan, and ambiguous sequences 


fixed in an Inuit population in Greenland (23), 
potentially in response to climate and a marine 
diet rich in omega-3 fatty acids. While mirroring 
our findings from Flores, the adaptive Green- 
landic Inuit haplotype extends over a broader 
downstream region encompassing FADS3, po- 
tentially reflecting distinct selection events 
or population-specific patterns of recombina- 
tion (fig. $26). Although the global history of 
this locus remains to be clarified, current evi- 
dence points to a critical role of FADS as an 
evolutionary “toggle switch” in response to 
changing diet. 

Body size reduction is one of the best-known 
responses to island environments and is common 
among mammalian taxa. Examples on Flores in- 
clude H. floresiensis and the pygmy proboscidean 
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Stegodon. We leveraged our data to test hypothe- 
ses about the genetic architecture and evolution 
of short stature in our Flores sample. If the short- 
stature phenotype on Flores was a consequence 
of polygenic selection acting on common vari- 
ants, we would expect to see higher frequen- 
cies of alleles associated with reduced height in 
other populations (24). We thus performed mixed- 
linear model association analysis for height in 
456,426 individuals of European ancestry to iden- 
tify height-associated loci, unbiased of population 
stratification (73). 

We find that European height-associated loci 
are significantly more differentiated between 
Flores and other neighboring populations than 
expected under random genetic drift (Fig. 4A). 
Moreover, the Flores sample is significantly en- 


3 August 2018 


22,750,000 | 


MIR548D2 » 
MIR548AA2 


22,800,000 | 22,850,000 | 


Copies 


HS3ST2 


in Flores and Melanesian individuals. (C) The Denisovan D 
duplication is present only in Denisovan, Oceanic, and Flores 
individuals. A panel of worldwide populations is shown, 

along with the Denisovan and Neanderthal genomes (13). 

A copy number greater than two (four and three for light and 
dark blue, respectively) in region D (far right) indicates presence 


riched for height-decreasing alleles (test of popu- 
lation genetic differentiation across all SNP sets 
P< 0.001; correlation of AF differentiation and 
allele effect size at 4000 alleles of strongest height 
association: —0.71, t = —3.18, df = 4000, P = 0.002) 
(Fig. 4B). This result predicts a smaller height for 
Flores individuals from height-associated alleles 
discovered in an unrelated panel (Fig. 4A), and 
we estimate that 36.6% (95% confidence interval: 
10.4 to 63.9%) of variation in a genome-wide 
genetic predictor of height is attributed to mean 
differences among the populations. Assuming 
the phenotypic standard deviation (SD) of height 
in this population is 6 cm and the full heritability 
is 0.7 (25), then one genetic SD = \/0.7x 6=5cm. 
Because the genetic predictor explains 8.5% (SE: 
3.8%) of phenotypic variance in Flores (Fig. 4C) 
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and the Flores population is 1 SD lower than the 
average of neighboring populations (Fig. 4A), 
we predict the Flores population to be ~2 cm 
(0.085 x 6 = 1.75 cm) shorter in stature than 
populations in East Asia and Oceania and ~5 cm 
shorter if the genetic predictor explained 70% of 
the phenotypic variance. Collectively, these data 
provide evidence that polygenic selection acting 
on standing genetic variation was an important 
determinant of short stature in this Flores pygmy 
population. 

High-coverage genomes provide insights into 
the history of demographic changes and adap- 
tation in a pygmy population on Flores Island 
(Indonesia). Although these individuals possess 
ancestry from both Neanderthals and Denisovans, 
we found no evidence of admixture with a deeply 
diverged hominin group. This observation, com- 
bined with the evidence that their short-stature 
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phenotype resulted from polygenic selection act- 
ing on standing variation, suggests that insular 
dwarfism arose independently in two separate 
hominin lineages on Flores Island. 
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the null model (blue). The Flores panel is significantly enriched between the height-increasing effect size and the frequency 
for height-reducing alleles (P < 0.001) in a multivariate difference was —0.71 (t = -3.18, P = 0.002), reflecting 
chi-square test of population genetic differentiation from the height-increasing alleles being at lower frequency in the Flores 
expectation under the null model. (B) Frequency differences population. (C) Association between height in the Flores 
between the Flores population and neighboring 1000 Genomes population and a genetic predictor of height. 
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culture media with lower lactate concentrations maintain efficient 

metabolic rates in embryo culture for in vitro fertilization (IVF) 

applications. Continuous Single Culture-NX was tested for efficacy 

in human clinical studies, where it demonstrated an increase 

in blastocyst formation rates. The culture media are available 

in two forms: ready-to-use and presupplemented with human 

serum albumin, or without protein supplementation. They are 

designed for fertilization and embryo culture through day 5/6 of 

embryo development. 
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Validated Antibody Database 

Nonspecific antibodies are a significant contributor for the current 
research irreproducibility problem. Antibody manufacturers and 
the user community are trying to address this unvalidated antibody 
issue. Labome, a biotech company based in New Jersey, has been 
developing the Validated Antibody Database (VAD) for the past 10 
years through manual curation of formal publications by biomedical 
experts. As of July 2018, VAD contains 339,197 antibody application 
records for 61,608 validated antibodies, including 1,391 antibodies 
which are knockout-validated. The database covers 64,227 formal 
publications and includes antibodies against 7,624 human genes. 
Each VAD record includes details about the antibody application 
(Western blot, immunohistochemistry, etc.), the cell type or tissue 
sample used, and the dilution, in addition to information about the 
antibody, such as its host species, clonality, and clone name. This 
database is freely available to the research community. 

Labome 
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for applications such as PCR, quantitative PCR, ELISA, and next- 
generation sequencing (NGS). Droplets or condensation on the 
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volumes or separation of reaction components from the reaction 
mixture, and liquid forced out of wells during centrifugation and 
into other wells will result in immediate contamination. FastGene 
uses an angle that allows finicky NGS applications to gain access 
to the bottom of the wells without disturbing the pellet. Its unique 
spinning parameters also keep the liquid in each well far away 
from the seal, with no way to contaminate other wells. 
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www.bulldog-bio.com/fastgene_plate_centrifuge.htm! 


Diagnostics Platform 

The Technology Partnership's Puckdx point-of-care diagnostics 
platform uses a novel fluid-handling system designed to enable 
ready translation from bench to disposable. The platform has the 
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produced under controlled, automated cleanroom conditions, 
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turn Quickstart cap for easier handling. Each container has a 
unique lot number for traceability. 
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observation, and/or experimentation and particularly encourage applicants whose work crosses 
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Faculty Positions 
Department of Cell and Molecular Biology 


St. Jude Children’s Research Hospital is a world-renowned institution that 

is recognized as one of the best places to work in the nation. Currently, the 
Department of Cell and Molecular Biology seeks applicants for faculty positions at 
all levels (Assistant, Associate or Full). St. Jude offers a remarkable opportunity 
to perform cutting-edge research with outstanding, long-term institutional 
support and exceptional core facilities in an environment of open collaboration. 
Successful applicants will present a vibrant research program with potential for 
interaction both within the department and across the institution. All areas of cell 
and molecular biology and biochemistry are welcome, although we have preference 
for programs that integrate innovative, modern approaches to address basic 
functioning of the cell. 


Interested applicants should send CV and 2-page letter of research 
accomplishments and future interests to the email address below. Applicants for 
Assistant Member positions should have three letters of recommendations sent. 
Applicants for Associate/Full Member should send contact information for three 
references. Applications should be received by October 15, 2018 for priority review. 


J. Paul Taylor, M.D., Ph.D. 
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c/o Marquetta Nebo 
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marquetta.nebo@stjude.org 
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Applications, supporting materials, and two letters of 
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zukunftskolleg/online-application/. 
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Paying it forward as a mentor 


he undergrad joining the lab where I worked as a research fellow certainly knew how to make 
a first impression. “I looked up your work—cool stuff!” he said when we first met. “Fancy work- 
ing with the best? That’s me, of course!” He was clearly smart and ambitious. But I wasn’t sure 
I was qualified to take someone under my wing. I had only started in research 2 years earlier, 
after finishing my medical degree. The bigger hurdle was the pressure to “publish or perish,” 
which made me hesitant to take on extra responsibilities. But, as I reflected on my own path into 
research and the crucial role played by my mentor, I realized that I needed to pay it forward. 


I had always been interested in 
research. But for various reasons, 
I initially pursued medicine—until 
my medical school’s final require- 
ment that I complete a brief clini- 
cal training period elsewhere led 
to a serendipitous meeting. I was 
waiting outside my clinical super- 
visor’s office when the prominent 
professor who worked in the next 
office came by. I knew who he was, 
and I was impressed with his lab’s 
work developing breast cancer 
drugs, but I didn’t expect him to 
recognize me. I was startled when 
he said, “I see you in every meet- 
ing. What are you working on?” 

I told him about myself and my 
work, and our conversation con- 
tinued for more than an hour. His 
respectful, down-to-earth demeanor 
immediately made me feel at ease. 
He seemed to really care about what I had to say. When he 
learned that I was interested in research, he gave me a stack 
of papers to read and told me that he might have a spot for 
me in his lab. I didn’t understand why this famous scien- 
tist would make space for me, someone with no research 
experience. But he saw something in me. After a proper 
interview, and finishing my medical degree, I joined the lab. 

In the beginning, I had no idea what I was doing. But my 
mentor was understanding and patient. With his support, I 
got my footing and was starting to feel like a real scientist. 
Now, it was time for me to do this for someone else. 

When I started as a mentor, I struggled a bit. I worried 
about accidentally teaching my mentee something inaccu- 
rate. Adjusting my teaching style to suit his learning curve 
was challenging at times. But we were patient with each 
other and worked together to develop a productive rela- 
tionship. Following my own mentor’s approach, I treated 
every encounter as a meeting of equals and encouraged 
open communication. My mentee asked tough questions. 


“[My mentor’s] character 
inspired me, and hopefully I 
will inspire my mentees.” 


He challenged me and proved me 
wrong at times. And I loved it. By 
the end of his summer in the lab, 
I had a newfound appreciation 
for the rewards of being a mentor. 
Mentorship sharpened my commu- 
nication, teaching, and technical 
skills, and it gave me a sense of pur- 
pose, confidence, and fulfillment. 

Since that undergrad left our lab, 
I have continued serving as a men- 
tor for other students. Each rela- 
tionship is enriching in its own way. 
Recently, for example, I learned 
how to support a mentee through 
failure. My current mentee and I 
had worked tirelessly to prepare for 
her university’s undergraduate re- 
search competition, but she didn’t 
win and was quite disappointed. I 
didn’t want this one setback to ex- 
tinguish her fire for research, so it 
was up to me to provide a positive, encouraging perspective. 
I took her out for dinner to celebrate her will to compete 
and the experience she had gained. And I told her about a 
recent disappointment of my own—losing a science commu- 
nication competition—to show her that she was not alone. 

I was recently accepted into a split-site Ph.D. program at 
another institution, through which I will earn my research 
doctorate while continuing my current projects in my men- 
tor’s lab. This opportunity was only possible because my 
mentor took a chance on me. His character inspired me, 
and hopefully I will inspire my mentees similarly. There are 
many amazing individuals waiting for someone to apply 
just enough pressure to turn them from rock to diamond. 
We must all try to be those “someones.” 


Balkees Abderrahman is the Dallas/Fort Worth Living 
Legend Fellow of Cancer Research at MD Anderson Cancer 
Center in Houston, Texas, and a Ph.D. candidate at the 
University of Leeds in the United Kingdom. 


3 AUGUST 2018 * VOL 361 ISSUE 6401 


sciencemag.org SCIENCE 


Published by AAAS 


ILLUSTRATION: ROBERT NEUBECKER 


8LOzg ‘9 IsNBny uo /Bio bewaousi9s 90uUaINS//:djjy WOdy papeojuMOG 


